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ABSTRACT
We present 0.25′′ resolution (35 au) ALMA 1.3 mm dust polarization observations for 37 young stellar
objects (YSOs) in the Ophiuchus molecular cloud. These data encompass all the embedded protostars
in the cloud and several Flat and Class II objects to produce the largest, homogeneous study of dust
polarization on disk scales to date. The goal of this study is to study dust polarization morphologies
down to disk scales. We find that 14/37 (38%) of the observed YSOs are detected in polarization
at our sensitivity. Nine of these sources have uniform polarization angles and four sources have
azimuthal polarization structure. We find that the sources with uniform polarization tend to have
steeper inclinations (> 60◦) than those with azimuthal polarization (< 60◦). Overall, the majority
(9/14) of the detected sources have polarization morphologies and disk properties consistent with
dust self-scattering processes in optically thick disks. The remaining sources may be instead tracing
magnetic fields. Their inferred field directions from rotating the polarization vectors by 90◦ are mainly
poloidal or hourglass shaped. We find no evidence of a strong toroidal field component toward any
of our disks. For the 23 YSOs that are undetected in polarization, roughly half of them have 3-sigma
upper limits of < 2%. These sources also tend to have inclinations < 60◦ and they are generally
compact. Since lower inclination sources tend to have azimuthal polarization, these YSOs may be
undetected in polarization due to unresolved polarization structure within our beam. We propose
that disks with inclinations > 60◦ are the best candidates for future polarization studies of dust self-
scattering as these systems will generally show uniform polarization vectors that do not require very
high resolution to resolve. We release the continuum and polarization images for all the sources with
this publication. Data from the entire survey can be obtained from Dataverse.
1. INTRODUCTION
Interstellar magnetic fields in molecular clouds are
most often characterized through sensitive observations
of dust polarization. The polarization signature is at-
tributed to non-spherical dust grains that partially align
with their short axes parallel to an external magnetic
field due to radiative alignment torques (RATs) from an
anisotropic radiation field (Andersson et al. 2015). Thus,
dust polarization is expected to trace the morphology
of the plane-of-sky magnetic field, with the polarization
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vectors parallel to the field direction from dust extinc-
tion and perpendicular to the field direction from ther-
mal dust emission.
One key goal of dust polarization studies is to trace
magnetic field structure from the scales of molecular
clouds (∼ 10 pc) to the scales of planet-forming disks
(. 100 au). In particular, dust polarization observations
at early stages of the star formation process are neces-
sary to understand the role of magnetic fields in both star
and disk formation. Numerous observations of embed-
ded young stars, hereafter protostars, show polarization
on the scales of their surrounding dense cores or dense
envelopes (e.g., Matthews et al. 2009; Dotson et al. 2010;
Hull et al. 2014; Galametz et al. 2018). These detections
suggest that the natal environment that produces the
young stars and their disks are magnetized. Neverthe-
less, there has been limited work tracing dust polariza-
tion down to the scales of the disks. Polarization detec-
tions toward protostellar disks require high resolution ob-
servations at (sub)millimeter wavelengths to resolve the
disk through the dense cloud and the surrounding dusty
envelope. Previous studies using the CARMA and SMA
detected polarization only toward a few of the brightest
protostellar disks (e.g., Rao et al. 2014; Stephens et al.
2014; Segura-Cox et al. 2015; Ferna´ndez-Lo´pez et al.
2016). The polarization detections from these studies
had limited sensitivity and resolution, making their in-
ferred field morphologies inconclusive.
The Atacama Large Millimeter/submillimeter Array
(ALMA) has changed the landscape for observations of
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2dust polarization on disk scales. ALMA has the resolu-
tion and sensitivity to detect dust polarization toward
a large number of disks for the first time. Initial stud-
ies with ALMA have detected dust polarization toward a
wide range of protostellar and protoplanetary disks (e.g.,
Kataoka et al. 2016b; Stephens et al. 2017; Alves et al.
2018; Ohashi et al. 2018). These polarization signatures,
however, can arise from mechanisms other than grain
alignment with a magnetic field. In particular, large
dust grains in disks can produce detectable polarization
via self-scattering processes (e.g., Kataoka et al. 2015,
2016a; Pohl et al. 2016; Yang et al. 2016, 2017) or dust
grains can align themselves with the gradient of the radi-
ation field (hereafter, k-RAT alignment, e.g., Lazarian &
Hoang 2007; Tazaki et al. 2017) or via collisions with gas
flows (Gold 1952; Yang et al. 2019) and thereby produce a
polarized signature. A number of observations show po-
larization consistent with these other mechanisms (e.g.,
Kataoka et al. 2016b, 2017; Hull et al. 2018; Harris et al.
2018; Harrison et al. 2019). Only a few studies have
found polarization attributed to magnetic fields in disks
(e.g., Lee et al. 2018; Sadavoy et al. 2018a; Alves et al.
2018; Ohashi et al. 2018; Kwon et al. 2019).
Most ALMA studies of dust polarization focused on
one disk or a small sample of disks, and they also pri-
marily selected disks that are among the biggest and
brightest systems. As a result, these studies are non-
representative of typical disk properties. To improve
upon these initial studies, we conducted the first large,
homogeneous dust polarization study of young protostel-
lar disks with ALMA. For this project, we observed all
the embedded stars in the Ophiuchus molecular cloud in
Band 6 (1.3 mm) dust polarization at a common resolu-
tion and sensitivity. Since Ophiuchus is a nearby molec-
ular clouds (d = 140 pc; Ortiz-Leo´n et al. 2018), it is
an excellent target to obtain high resolution dust polar-
ization observations of protostellar disks and their inner
envelopes.
We presented the first results in (Sadavoy et al. 2018a,
hereafter, Paper I) and Sadavoy et al. (2018b, hereafter,
Paper II). Here, we present the observations from the
entire study and release the full data products. This
paper is structured as follows; in Section 2 we describe
the source selection, observations, imaging techniques,
and the polarization debias corrections. In Section 3, we
give an overview of the continuum and polarization de-
tection statistics. In Section 3.3, we describe the data
products released with this paper and show the polar-
ization maps for the detected sources. In Section 4, we
employ a morphological analysis to determine the polar-
ization mechanisms behind the polarization detections.
We focus primarily on polarization from magnetic fields
and polarization from self-scattering. In Section 5, we
discuss poloidal and toroidal fields in disks and compare
our small-scale observations to observations of magnetic
fields on larger scales. We also discuss the disk properties
and the protostellar multiplicity in Ophiuchus. Finally,
we give our conclusions in Section 6.
2. DATA
2.1. Source Selection
We selected 26 protostellar systems (Class 0 and Class
I) from the surveys of Enoch et al. (2009), Evans et al.
(2009), and Connelley & Greene (2010). Table 1 lists the
sources in our sample. Column 1 gives the field name
based on their numerical identification in the cores to
disks (c2d) survey (Evans et al. 2009) or in common lit-
erature. Since VLA 1623 and IRAS 16293-2422 have
bright companions at & 5′′ separation, we observed both
sources with separated pointings so that we could detect
their polarization within the inner third of the primary
beam (as required by ALMA specifications for polariza-
tion data). These are denoted with “a” and “b” in the
field name. Column 2 gives other common names of the
sources from the literature. Columns 3 and 4 give the
phase center for each field, and column 5 gives the re-
gion of Ophiuchus in which the source is found following
the boundaries in Young et al. (2006) and Pattle et al.
(2015). Column 6 lists the classification of the source
from the literature. Finally, column 7 lists other known
YSOs that are detected in each field.
This sample includes all the known Class 0 objects and
the embedded Class I sources in Ophiuchus. Source clas-
sifications were determined using the standard definitions
of the infrared spectral index, αIR, and the bolomet-
ric temperature as summarized in Evans et al. (2009).
For the Class I sources, we selected all the stars that
had unambiguous envelope detections based on previous
single-dish observations (e.g., Enoch et al. 2009) to en-
sure that the stars are young and still embedded. Three
YSOs (c2d 839, c2d 914, c2d 922) have “envelope” des-
ignations (Enoch et al. 2009), but appear more evolved
with αIR < 0.3 and Tbol & 600 K (Evans et al. 2009;
Dunham et al. 2015). We excluded these sources from
our sample. We also added ISO Oph 210 (IRAS 16266-
2450E13) to our source list. This object was not featured
in the “c2d” catalogue, but is listed as a YSO in Hsieh
& Lai (2013).
We note, however, that the original classifications for
the YSOs in Ophiuchus have come under considerable
question (e.g., McClure et al. 2010). In particular, Mc-
Clure et al. (2010) found that 16/26 “embedded” objects
in Ophiuchus were at more evolved stages using infrared
spectroscopy. They attributed the difference to substan-
tial foreground extinctions such that measurements of
the infrared spectral index are unreliable for Ophiuchus.
In Appendix A, we revisit the source classifications for
the targets in our sample using archival data to help in-
form their evolutionary stages.
Figure 1 shows the position of each of our 28 fields
on a SCUBA-2 850 µm from Pattle et al. (2015). The
SCUBA-2 data are part of data release 3 (DR3), with
details on the reduction and imaging given in Kirk et al.
(2018). The full Ophiuchus data set has been cropped
to focus on L1688, L1689, and L1709. The pointings are
colour-coded by the regions given in Table 1.
2.2. ALMA Observations
The 28 pointings were observed at 1.3 mm in full polar-
ization on 2017 May 20, July 11, and July 14 on shared
tracks as part of the Cycle 3 program 2015.1.01112.S14.
13 This field was mislabeled as IRAS16288 for the ALMA obser-
vations. We continue to use the mislabeled name for consistency
with the archive.
14 This project was previously observed on 2016 July 22, 25, and
26, but these observations failed QA0 due to a faint polarization
calibrator. We do not include these observations in our analysis.
3Table 1
Source List
Field Central Source Name(s)a Phase Center (ICRS) Region Classb Other Known Sourcesc
RA (h,m,s) Dec (◦,′,′′)
c2d 811 GSS 30 IRS1, Oph-emb-8 16:26:21.35 -24:23:04.3 L1688 Oph A I GSS 30 IRS3
c2d 822 Oph-emb-9, GY 30 16:26:25.46 -24:23:01.3 L1688 Oph A I · · ·
c2d 831 GY 91, Oph-emb-22 16:26:40.46 -24:27:14.3 L1688 Oph A I · · ·
c2d 857 WL 16, GY 182, Oph-emb-21 16:27:02.32 -24:37:27.2 L1688 Oph E I · · ·
c2d 862 Oph-emb-6, GY 197, LFAM 26 16:27:05.24 -24:36:29.6 L1688 Oph E I · · ·
c2d 867 WL 17, GY 205, Oph-emb-20 16:27:06.75 -24:38:14.8 L1688 Oph E I · · ·
c2d 871 Elias 29, Oph-emb-16, WL 15, 16:27:09.40 -24:37:18.6 L1688 Oph E I · · ·
c2d 885 IRS 37, ISO Oph 124, Oph-emb-11 16:27:17.58 -24:28:56.2 L1688 Oph B I IRS 39
c2d 890 IRS 42, GY 252, Oph-emb-28 16:27:21.45 -24:41:43.0 L1688 Oph F I · · ·
c2d 892 Oph-emb-5 16:27:21.82 -24:27:27.6 L1688 Oph B I · · ·
c2d 894 Oph-emb-12, CRBR 2422.8 16:27:24.58 -24:41:03.1 L1688 Oph F I · · ·
c2d 899 IRS 43, GY 265, Oph-emb-14, YLW 15 16:27:26.92 -24:40:50.58 L1688 Oph F 0/I GY 263
c2d 901 IRS 44, GY 269, Oph-emb-13 16:27:27.99 -24:39:33.4 L1688 Oph F I · · ·
c2d 902 IRS 45, Elias 32, Oph-emb-19 16:27:28.44 -24:27:20.8 L1688 Oph B I VSSG 18 B
c2d 904 IRS 47, GY 279, Oph-emb-26 16:27:30.17 -24:27:43.2 L1688 Oph B I · · ·
c2d 954 Oph-emb-1, Oph MMS 126 16:28:21.58 -24:36:23.6 L1688 0 · · ·
c2d 963 Oph-emb-18 16:28:57.85 -24:40:54.9 L1688 I · · ·
c2d 989 IRS 63, Oph-emb-17 16:31:35.65 -24:01:29.3 L1709 I · · ·
c2d 990 Oph-emb-4 16:31:36.77 -24:04:19.8 L1709 I · · ·
c2d 991 Oph-emb-25, ISO Oph 200 16:31:43.75 -24:55:24.6 L1689S I · · ·
c2d 996 Oph-emb-7 16:31:52.06 -24:57:26.0 L1689S I · · ·
c2d 998 Oph-emb-15 16:31:52.45 -24:55:36.2 L1689S I · · ·
c2d 1003 IRS 67, Oph-emb-10 16:32:00.99 -24:56:42.6 L1689S I · · ·
c2d 1008a IRAS 16293-2422A, Oph-emb-2 16:32:22.87 -24:28:36.45 L1689N 0 IRAS 16293-2422B
c2d 1008b IRAS 16293-2422B, Oph-emb-2 16:32:22.62 -24:28:32.5 L1689N 0 IRAS 16293-2422A
VLA1623a VLA 1623W, Oph-emb-3 16:26:25.64 -24:24:29.3 L1688 Oph A 0 VLA 1623A/B
VLA1623b VLA 1623A/B, Oph-emb-3 16:26:26.35 -24:24:30.55 L1688 Oph A 0 VLA 1623W, VLA 1623NE
IRAS16288 ISO Oph 210, IRAS 16266-2450E 16:32:02.22 -24:56:16.8 L1689S I · · ·
a Common names for the sources at the phase center of the field. Names taken from SIMBAD (Wenger et al. 2000) and are ordered first
by the name we adopt in the paper and then other common names in alphabetical order. “Oph-emb-” is from Enoch et al. (2009), “GY”
is from Greene & Young (1992), “WL” is from Wilking & Lada (1983), “LFAM” is from Leous et al. (1991), “Elias” is from Elias (1978),
“IRS” is from Wilking et al. (1989), “ISO Oph” is from Bontemps et al. (2001), VSSG is from Shirono et al. (2011), and “Oph MMS” is
from Stanke et al. (2006).
b Original source classification as Class 0 or Class I based on Enoch et al. (2009), Evans et al. (2009), Connelley et al. (2008), and Hsieh
& Lai (2013). See text for details.
c Additional known sources in each field that were detected.
Figure 1. SCUBA-2 850 µm map of the Ophiuchus molecular cloud (Pattle et al. 2015; Kirk et al. 2018) with coloured points showing
the 28 fields in our survey. The points are coded for Oph A (red), Oph B (yellow), Oph E (orange), Oph F (cyan), L1688 (brown), L1689S
(blue), L1689N (pink), and L1709 (purple). The symbol size does not represent the primary beam. Contours show AV = 5 from the
COMPLETE survey near-infrared (2MASS) extinction map (Ridge et al. 2006). The main star-forming complexes in Ophiuchus are also
labeled.
4The baselines ranged from 15.1 m to 1124.3 m for the
May observations and 16.7 m to 2647.3 m for the July
observations. The precipitable water vapour ranged from
0.38 mm on 11 July, 0.94 mm on 20 May, and 1.22 mm on
14 July. There were 46 antenna on 20 May, 43 antenna
on 11 July, and 42 antenna on 14 July. The correlator
was configured to the standard full polarization setting
for Band 6, with each baseband set to 1.875 GHz band-
width and 64 channels, centered at 224 GHz, 226 GHz,
240 GHz, and 252 GHz.
For all tracks, J1517-2422 was used for bandpass cali-
bration, J1625-2527 was the calibrator for complex gain
and phase, and J1549+0237 was the polarization leak-
age calibrator. J1517-2422 was also used for absolute
flux calibration on the 20 May and 14 July executions,
with J1733-1304 as the absolute flux calibration on 11
July. To ensure sufficient parallactic angle coverage with
J1549+0237, each track was observed over 3− 4.5 hours,
using two or three consecutive sessions. Typically, all the
sessions contained observations of each calibrator. The
third session from 11 July did not include the bandpass
and flux calibrators, and instead used the bandpass so-
lutions from the second session and the complex gain
calibrator for absolute flux calibration. The total time
spent on each target field is ≈ 7 minutes.
The observations were manually calibrated using
CASA 4.7.2 by the observatory. The standard calibra-
tions (bandpass, flux, gain) were applied first, followed by
the final polarization calibration that was performed on
each session separately. The expected flux uncertainty
for the final observations is ∼ 10%. We examined the
observed flux for the bandpass and leakage calibrators
against the expected flux for the date of observations
(using analysis utilities task getALMAflux in CASA) and
found that they agreed within 10%. The complex gain
calibrator had larger uncertainties of . 20%, but this
source is monitored less frequently with only one detec-
tion between our observation epochs and a single detec-
tion several months before our observations. Hereafter,
we quote statistical uncertainties unless stated otherwise.
2.3. ALMA Imaging
We imaged each field interactively using clean. Many
of the fields have peak Stokes I signal to noise (S/N)
> 100 and allowed self calibration. We tested phase-only
self calibration to the Stokes I data for all the obser-
vations with S/N > 20 and only applied the ones with
good gain solutions based on a visual inspection. The
Stokes Q, U, and V data did not benefit from self calibra-
tion. We ran self-calibration iteratively with decreasing
solution intervals until the Stokes I noise did not im-
prove. Table 2 summarizes the self calibration iterations
for each of the fields. For most sources one or two rounds
of phase-only self calibration were necessary to reach a
consistent noise level. The first round of self calibra-
tion used solution intervals equivalent to the entire scan
length and the second round used solution intervals of
30.25 s, which corresponds to roughly half a scan. For
c2d 989, VLA1623a, and VLA1623b, we applied a third
round of phase-only self calibration with a solution in-
terval of 15 s, or 5 integrations. Additional iterations
with shorter solution intervals did not improve the map
noise. For c2d1008a and c2d1008b, we applied for the
third round an amplitude and phase self calibration with
a solution interval equal to the scan length (see also, Pa-
per I; Paper II). In all self calibration rounds, we visually
inspected the data after applying the solutions to ensure
the noise was dropping with each iteration.
Table 2
Imaging Summary
Field Self Cala σI
b σQ
b σU
b σPIc Beamd
(µJy beam−1) (arcsec)
c2d 811 2p 32 25 27 26 0.27×0.21
c2d 822 1p 34 25 25 25 0.27×0.21
c2d 831 2p 34 28 27 27 0.29×0.24
c2d 857 1p 30 26 26 26 0.27×0.20
c2d 862 2p 35 28 28 28 0.28×0.24
c2d 867 2p 34 27 28 27 0.27×0.21
c2d 871 2p 31 27 27 27 0.26×0.20
c2d 885 1p 30 28 28 28 0.28×0.24
c2d 890 1p 30 28 27 28 0.27×0.21
c2d 892 none 26 26 26 26 0.27×0.21
c2d 894 1p 31 27 27 27 0.27×0.21
c2d 899 1p 30 26 26 26 0.27×0.21
c2d 901 1p 29 25 25 25 0.27×0.21
c2d 902 none 29 26 26 26 0.27×0.21
c2d 904 1p 29 26 26 26 0.27×0.21
c2d 954 2p 30 26 26 26 0.27×0.21
c2d 963 none 29 26 26 26 0.27×0.21
c2d 989 3p 71 27 27 27 0.27×0.20
c2d 990 1p 31 27 26 27 0.28×0.23
c2d 991 1p 31 26 27 27 0.27×0.20
c2d 996 none 31 27 27 27 0.27×0.20
c2d 998 none 30 26 26 26 0.27×0.20
c2d 1003 2p 48 28 28 28 0.26×0.20
c2d 1008a 2p,1ap 280 28 30 29 0.28×0.24
c2d 1008b 2p,1ap 250 29 29 29 0.28×0.23
c2d 1008e 2p,1ap 280 25 25 25 0.28×0.23
VLA1623a 3p 56 27 27 27 0.27×0.21
VLA1623b 3p 71 27 27 27 0.27×0.21
IRAS16288 none 32 26 26 26 0.27×0.21
a Successive self calibration iterations with phase (p) or amplitude
and phase (ap). Sources that were not self calibrated have “none”.
b Map sensitivity at the phase center.
c The sensitivity in polarized intensity is estimated from the aver-
age of σQ and σU .
d Beam size of the field in the final images.
e For the mosaic map of fields c2d 1008a and c2d 1008b.
For each round of self calibration and for the final
deep map, we applied clean with Briggs weighting and
a robust parameter of 0.5 and a UVtaper of 0.1′′. The
UV taper was applied to better recover extended emis-
sion. We used interactive clean for all the Stokes I maps
and non-interactive clean for Stokes Q and U. Interac-
tive clean was necessary for the Stokes I maps as some
fields contained faint, diffuse extended emission. We also
used the multi-scale option during the Stokes I clean for
those sources with substantial extended emission. Table
2 gives the map sensitivities for the Stokes I, Q, and U
maps. We exclude the Stokes V data, because they are
cannot be calibrated. The typical map sensitivity is 27
µJy beam−1, although several fields are dynamic range
limited and have substantially higher rms values. The
map resolution for each field is typically 0.27′′×0.21′′ and
the maximum recoverable scale is ∼ 2.6′′, which means
we are sensitive to physical scales between ∼ 33−360 au
(assuming a distance of 140 pc).
For the c2d 1008a and c2d 1008b fields, we performed
a final deep clean on the self-calibrated data with both
5fields to produce a mosaic. The emission detected in
both fields overlap within the inner half of their primary
beams, and the individual fields gave consistent Stokes
maps (see Appendix B). For the mosaic field, we use
clean with the same robust, multiscale, and uvtaper val-
ues as the individual fields. The map sensitivities for the
mosaicked Stokes Q and U maps improved by ∼ 14%,
but we found a similar map sensitivity for mosaic Stokes
I as the map is still limited by dynamic range. Hereafter,
we use the field name “c2d 1008” for the mosaic maps.
2.4. Debias Correction
Polarization is measured from the quadrature sum of
Stokes Q and U (Pobs =
√
Q2 + U2), which always yields
positive values. The quadrature sum subsequently bi-
ases the measured polarized intensity to higher values.
This effect is most pronounced for weak Stokes Q or U
data (e.g., PI/σPI < 4), where noise will more signifi-
cantly boost the inferred polarized signal (e.g., Vaillan-
court 2006).
We follow Hull & Plambeck (2015) and calculate the
debiased polarization intensities using a probability den-
sity function (PDF). Briefly, this method computes the
probability that the observed, uncorrected polarization
PI ,obs has a true, debiased polarization PI with,
PDF(PI |Pobs, σPI) =
Pobs
σ2PI
I0(x) exp
[
− (Pobs
2 + PI2)
2σ2PI
]
, (1)
where σPI is the sensitivity of the polarization data and
I0(x) is the Bessel function for the Bessel parameter,
x = PobsPI/σ2PI . The statistically most likely debi-
ased polarization (PI) will produce a peak in Equation
1. Thus, we measured PI by taking the minimum of
−PDF(PI |Pobs, σPI) using the routine tnmin15 in IDL
for each pixel with S/N < 9; above this threshold, we
used the standard maximum likelihood calculation (Vail-
lancourt 2006),
PI ,bright =
√
Q2 + U2 − σ2PI , (2)
as the two debiasing methods are identical for such bright
emission. For σPI , we use the mean rms from the Stokes
Q and U observations, taking into account that the map
sensitivities vary across the primary beam.
The polarization position angle, θ, and its uncertainty
σθ are given by (e.g., Coude´ et al. 2019),
θ=
1
2
tan−1
U
Q
(3)
σθ =
1
2
√
(UσQ)2 + (QσU )2
Q2 + U2
. (4)
The polarization position angles are defined from −90◦
to 90◦, North to East. The polarization fraction, PF ,
15 This routine uses a Truncated-Newton method to minimize a
function (Markwardt 2009).
and its uncertainty, σPF , are defined by,
PF = PI
I
(5)
σPF =PF
√(
σPI
PI
)2
+
(
σI
I
)2
. (6)
We calculate σθ and σPF for each pixel to account for
the changing map sensitivity across the primary beam.
We note that the ALMA Technical Handbook for Cy-
cle 6 gives a 1σ instrumental polarization error of 0.03%
for compact sources and a 1σ error of 0.1% for ex-
tended sources within the inner third of the primary
beam FWHM. This instrument polarization error is not
included in σPF .
Hereafter, we use the term “e-vector” to correspond to
the observed polarization position angles (e.g., no rota-
tion has been applied) and the term “b-vector” when the
position angles are rotated by 90◦ to show the inferred
field direction. We note, however, that the position an-
gles are not full vectors because we cannot determine the
true direction.
3. RESULTS
3.1. Stokes I Overview
In Stokes I emission, we identify 41 distinct compact
sources in the 27 fields. Table 3 lists the coordinates
and broad properties of each detected Stokes I object.
Column 1 gives the field name and Column 2 gives the
source identification based on a common name in the lit-
erature (see Table 1). For multiple sources in the field,
the sources are ordered by their distance from the phase
center. Columns 3 and 4 give the coordinates of the
peak emission. Column 5 gives the source classification
adopted for this study (see Appendix A), where Class 0
sources and Class I sources are protostars accreting ma-
terial from dense envelopes, Class II sources are pre-main
sequence stars that are no longer accreting, and Flat
spectrum sources are the transition stage between Class I
and Class II when the envelope is being cleared out (e.g.,
see Evans et al. 2009, for more details). Columns 6 and
7 give the peak flux density and its corresponding error,
σpeak, which we take as the Stokes I uncertainty at the
position of the source. For sources near the phase center,
this value is equivalent to σI given in Table 2. Columns
8-11 give the total flux, size, and position angle from sim-
ple Gaussian fits to the sources in the image plane using
imfit in CASA. We use Gaussian fits to approximate
the source properties, but note that some objects may
be disks, envelopes, or a combination of both.
Table 4 summarizes the detection properties for each
field. Column 2 gives the number of sources detected
in each field and Column 3 indicates whether or not ex-
tended emission is seen in the field. We define extended
emission as non-compact or non-Gaussian flux either con-
nected to a compact source or is found between sources.
In most cases, the extended emission, when detected,
is spatially filtered such that we do not recover all the
flux. Column 4 gives notes on previous detections from
the literature, where “identified disk” indicates that the
source emission was previously attributed to a disk and
“potential disk” indicates the previous disk classification
was ambiguous. Note that not all “identified disks” have
6Table 3
Continuum Results
Field Sourcea
Peak Position (J2000)
IDb
Peakc σpeak
c Fluxd ad bd PAd
RA (h,m,s) Dec (◦,′,′′) (mJy beam−1) (mJy) (mas) (mas) (deg)
c2d 811 GSS 30 IRS 1 16:26:21.357 -24:23:04.899 I 12.8 0.032 13.4±0.2 85.1±8.2 23.3±14 117±7
GSS 30 IRS 3 16:26:21.719 -24:22:50.967 I 51.8 0.076 158.5±2.0 585±8.6 192±4.0 110±0.4
c2d 822 Oph-emb-9 16:26:25.474 -24:23:01.845 I 28.6 0.034 45.0±0.2 229±1.4 89.6±3.0 28±0.9
c2d 831 GY 91 16:26:40.469 -24:27:14.953 F 14.8 0.034 88.8±6.5 791±64 670±57 155±29
c2d 857 WL 16 16:27:02.327 -24:37:27.709 II 4.4 0.030 4.35±0.07 · · · · · · · · ·
c2d 862 Oph-emb-6 16:27:05.250 -24:36:30.163 I 26.0 0.035 53.1±0.3 413±2.7 100±3.0 169±0.1
ALMAJ162705.5 16:27:05.509 -24:36:32.269 G 0.34 0.038 0.43± 0.02 · · · · · · · · ·
c2d 867 WL 17 16:27:06.764 -24:38:15.489 F 27.2 0.034 51.3±0.6 232±6.3 183±7.1 62±6
c2d 871 Elias 29 16:27:09.415 -24:37:19.253 I 15.9 0.031 17.2±0.2 74.9±8.4 63.0±7.0 105±55
c2d 885 IRS 37-A 16:27:17.581 -24:28:56.835 I 9.8 0.030 11.1±0.1 120±4.1 42.8±15 8±4
IRS 37-B 16:27:17.442 -24:28:56.565 I 0.89 0.030 1.02±0.06 100±36 90±54 171±82
IRS 37-C 16:27:17.417 -24:28:55.053 I 0.81 0.030 0.91±0.06 · · · · · · · · ·
ALMAJ162717.7 16:27:17.722 -24:28:52.839 G 0.27 0.032 0.34±0.05 · · · · · · · · ·
IRS 39 16:27:18.472 -24:29:06.393 II 0.76 0.091 0.76±0.10 · · · · · · · · ·
c2d 890 IRS 42 16:27:21.456 -24:41:43.545 II 11.5 0.030 12.2±0.06 · · · · · · · · ·
c2d 892 Oph-emb-5 · · · · · · S · · · · · · · · · · · · · · · · · ·
c2d 894 Oph-emb-12 16:27:24.587 -24:41:03.717 I 4.3 0.031 4.43±0.07 · · · · · · · · ·
c2d 899 IRS 43-A 16:27:26.906 -24:40:50.729 I 13.3 0.030 15.1±0.3 117±12 67±13 121±12
IRS 43-B 16:27:26.914 -24:40:51.305 I 1.6 0.030 1.88±0.05 109±14 92±13 119±72
GY 263 16:27:26.605 -24:40:45.617 II 7.0 0.036 16.2±0.4 384±11 130±7.1 127±1
c2d 901 IRS 44 16:27:27.987 -24:39:33.945 I 10.8 0.029 12.0±0.3 113±12 65±12 119±13
c2d 902 IRS 45 16:27:28.441 -24:27:21.669 I 2.0 0.029 2.25±0.07 99±12 55±45 25±26
VSSG 18 B 16:27:29.208 -24:27:17.475 II 1.0 0.048 1.23±0.06 121±27 99±33 128±81
c2d 904 IRS 47 16:27:30.173 -24:27:43.835 I 6.8 0.029 9.7±0.3 232±17 13±53 61±5
ALMAJ162729.7 16:27:29.750 -24:27:35.825 G 0.52 0.041 0.79±0.10 186±47 164±61 77±89
c2d 954 Oph-emb-1 16:28:21.620 -24:36:24.199 0 11.0 0.030 12.5±0.1 134±4.8 48.3±5.4 115±2
c2d 963 Oph-emb-18 16:28:57.868 -24:40:55.373 II 1.9 0.029 2.3±0.1 143±22 83±49 30±26
c2d 989 IRS 63 16:31:35.657 -24:01:29.935 I 90.8 0.071 312±4.9 485±9.2 330±7.1 148±2
c2d 990 Oph-emb-4 16:31:36.782 -24:04:20.363 II 9.2 0.031 13.1±0.1 256±4.1 55.6±6.7 78±1
c2d 991 Oph-emb-25 16:31:43.755 -24:55:24.947 F 8.6 0.031 9.1±0.07 71.0±6.7 32.2±13.4 142±9
c2d 996 Oph-emb-7 16:31:52.045 -24:57:26.383 II 0.38 0.031 0.34±0.03 · · · · · · · · ·
c2d 998 Oph-emb-15 16:31:52.444 -24:55:36.511 I 3.3 0.030 3.7±0.1 112±18 46±37 179±16
c2d 1003 IRS 67-A 16:32:00.987 -24:56:42.767 I 8.1 0.048 8.5±0.1 59±13 50±20 74±70
IRS 67-B 16:32:00.977 -24:56:43.487 I 46.9 0.048 53.6±0.5 113±5.5 66.2±5.8 91±6
c2d 1008e IRAS 16293B 16:32:22.612 -24:28:32.610 0 482.2 0.286 1400±31 363±12 342±11 125±42
IRAS 16293A 16:32:22.874 -24:28:36.714 0 184.2 0.308 1200±54 802±38 434±24 53±3
VLA1623a VLA 16239W 16:26:25.631 -24:24:29.611 0 16.3 0.056 65.5±1.3 705±15 105±11 10±0.5
VLA1623b VLA 1623B 16:26:26.307 -24:24:30.699 0 66.9 0.071 128±2.7 314±8.4 103±14 43±2
VLA 1623A 16:26:26.393 -24:24:30.843 0 62.0 0.071 136±5.5 361±19 158±17 76±4
VLA 1623NE 16:26:27.423 -24:24:18.279 II 11.5 0.394 49±2 579±27 267±14 129±2
IRAS16288 ISO Oph 210 16:32:02.214 -24:56:17.309 F 3.9 0.032 5.2±0.1 185±11 103±8 108±4
ALMAJ163203.3 16:32:03.310 -24:56:14.429 G 0.62 0.084 0.86±0.13 174±51 50±85 11±65
a Identifier for individual detections. Sources are ordered by closest to the phase center.
b Adopted source classification for this study, where “0” indicates Class 0 YSO, “I” indicates Class I YSO, “F” indicates Flat YSO, “II”
indicates Class II or Class III YSO, “G” indicates a galaxy, and “S” indicates a background star. See Appendix A for details.
c Peak 1.3 mm flux density in the primary beam corrected maps. The error in the peak flux represents the Stokes I uncertainty reported
in Table 2 scaled by the primary beam correction at the position of the source.
d Gaussian fit results to the Stoke I continuum emission. Values correspond to the total flux density and the deconvolved Gaussian
semi-major axis (a), semi-minor axis (b), and position angle (PA). Position angle is measured north to east. Unresolved sources use ellipses.
e Values correspond to an approximate Gaussian fit to the emission > 100 mJy beam−1.
been confirmed with Keplerian rotation.
Figure 2 shows a wide view of the twelve fields that
either had multiple sources or extended dust emission.
Eleven fields have multiplicity and eight fields have ex-
tended emission. Most of the fields with extended emis-
sion also had multiple sources detected. Field c2d 871
was the only field to have a single detection and also ex-
tended emission. The multiplicity statistics will be dis-
cussed in Section 5.6 and the extended emission will be
discussed with their corresponding source in Appendix A.
3.2. Polarization Overview
In this section, we give a brief overview of the polariza-
tion detection statistics for the entire sample. We con-
sider a source to have a robust polarization detection if
its detection meets the following specific selection crite-
ria:
1. I/σI > 3 and
2. PI/σPI > 3.
3. σθ < 10
◦.
These criteria select bright emission above the noise in
both Stokes I and polarized intensity. Of the 41 detected
continuum sources, only 14 have polarization measure-
ments that satisfy the above criteria.
Figure 3 shows images of the 14 sources with detected
polarization. The background images show the Stokes I
continuum maps and the black line segments show nor-
7Table 4
Stokes I Detection Summary
Field Sources Extended Emissionb Notesc
c2d 811 2 Y Identified disk for GSS 30 IRS3 (1)
c2d 822 1 N Identified disk (2)
c2d 831 1 N Identified disk (2,3)
c2d 857 1 N Identified disk (4)
c2d 862 2 N Identified disk (2), one new source
c2d 867 1 N Identified disk (2,5)
c2d 871 1 Y Identified disk (6,7)
c2d 885 5 N Four sources known (2), one new source
c2d 890 1 N Identified disk (2,8)
c2d 892 0 N · · ·
c2d 894 1 N Identified disk (8)
c2d 899 3 Y Known multiple (9), known circumbinary structure (10)
c2d 901 1 N · · ·
c2d 902 2 N · · ·
c2d 904 2 Y One new source
c2d 954 1 N Potential disk (11)
c2d 963 1 N · · ·
c2d 989 1 N Identified disk (6,12)
c2d 990 1 N · · ·
c2d 991 1 N Identified disk (2)
c2d 996 1 N · · ·
c2d 998 1 N · · ·
c2d 1003 2 Y Known multiple (13), known circumbinary structure (14)
c2d 1008d 2 Y Known multiple with substantial extended emission (11,15,16)
VLA1623a 3 Y Known multiple, three identified disks (11,15,17)
VLA1623b 4 Y Known multiple, three identified disks (11,15,17)
IRAS16288 2 N One new source
a Number of compact, Gaussian-like objects in the field.
b Extended (non-Gaussian) emission extending from a source or between sources.
c (1) Jørgensen et al. 2009, (2) Cieza et al. 2019, (3) van der Marel et al. 2019, (4) Ressler & Barsony 2003, (5) Sheehan & Eisner 2017,
(6) Lommen et al. 2008, (7) Miotello et al. 2014, (8) van Kempen et al. 2009, (9) Girart et al. 2000, (10) Brinch et al. 2016, (11) Chen
et al. 2013, (12) Andrews & Williams 2007, (13) Connelley & Greene 2010, (14) Artur de la Villarmois et al. 2018, (15) Looney et al. 2000,
(16) Jørgensen et al. 2016, (17) Murillo et al. 2013
d Applicable to both the individual c2d 1008a and c2d 1008b fields.
malized polarization e-vectors. Maps with scaled polar-
ization e-vectors are given in Appendix A. The blue and
red arrows indicate the direction of the blue-shifted and
red-shifted outflow lobes, if known (see Table 8 for the
associated outflow angles and references) and the grey
bars illustrate the source position angle (e.g., see Table
3). For most sources, the outflows are perpendicular to
the continuum long axis. This orientation indicates that
the dust emission likely originates from a disk or flat-
tened envelope.
Table 5 gives the debiased polarized intensity and the
polarization fraction for each of the 14 well-detected
sources as measured at the position of their Stokes I
peak. For GY 91, however, the detected polarized emis-
sion is off the source peak and relatively weak (< 4σ).
We report its results instead at the position of its peak
polarized intensity and hereafter consider GY 91 to be
marginally detected. Several sources have low polariza-
tion fractions with values < 0.5% at their emission peak,
but higher fractions at larger radial extents.
Table 6 lists the 28 compact sources that were unde-
tected in polarization. This table gives the uncertainty
in polarized intensity at each source position and the
3σ upper limit to the polarization fraction for the non-
detection. Of the 28 undetected sources, half (14) have
3σ upper limits . 2% and eight have 3σ upper limits of
< 1%, indicating that many of the non-detected sources
have significantly low polarization fractions. Sources la-
beled with a double dagger are outside of the inner third
of the primary beam. We note that the upper limits to
the polarization fractions for sources outside of the inner
third of the primary beam FWHM may be less reliable
(see Appendix B for details).
Figure 4 compares histograms of log peak Stokes I
flux densities for the sources with well-detected po-
larization and those without polarization detections or
with marginal detections. Unsurprisingly, the sources
that are well detected in polarization tend to be the
brightest objects, as these sources have higher sensitiv-
ity to low polarization fractions. The seven sources with
Ipeak > 32 mJy beam
−1 have well-detected polarized in-
tensities, whereas the detection rate drops to 50% (6/12)
for the sources with Ipeak between 10− 32 mJy beam−1
and to 9% (1/11) of sources with Ipeak between 3 − 10
mJy beam−1.
Table 7 gives a summary of the polarization statistics
by region in Ophiuchus and by source classification, us-
ing the updated classifications in Table 3. These num-
bers exclude the 5 objects that were identified as either
galaxies or background stars (see Section 5.5 and Ap-
pendix A). Since the younger YSOs in the sample are
brighter, they have a higher polarization detection rate
than the more evolved objects. All Class 0 sources are
detected in polarization and no Flat or Class II objects
detected (excluding the marginal detection for GY 91).
This result is also in agreement with a number of studies
that show higher polarization fractions toward younger
sources (e.g., Beckford et al. 2008; Hull et al. 2014).
3.3. Deliverables
8Figure 2. Fields with multiple sources or extended emission. The dotted circle shows the inner third of the primary beam FWHM
(diameter ≈ 8.5′′) at the phase center of each field. Small circle in the bottom-left corner shows the beam. Source names are labeled
following Table 3. Featured are fields c2d 811, c2d 862, c2d 871, c2d 885, c2d 899, c2d 902. Note that the colour backgrounds apply
different log scales to better show diffuse features. Map centers correspond to the phase center in Table 1.
9Figure 2. Continued - For fields c2d 904, c2d 1003, c2d 1008, VLA1623a, VLA1623b, IRAS16288. For c2d 1008, we show the inner third
of the primary beam from the two fields centered on each protostar.
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Figure 3. The 14 continuum sources with polarization detections. Background images show the Stokes I maps on a logarithmic color
scale (see Appendix A for the flux scale) and the black line segments show the normalized e-vectors. Sources with ‡ are outside of the inner
third of the primary beam FWHM. The blue and red arrows indicate the outflow position angle, if known (see Section 4.1 for details). The
grey bars show the semi-major axis position angle of the continuum sources detected in polarization, except IRAS 16293B as this source is
near face-on and does not have a well constrained continuum position angle. For VLA 1623 A, we show two grey bars: the solid one shows
the position angle of the compact disk from Harris et al. (2018) and the open one shows the position angle of the extended disk.
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With this publication, we release the full data data
products. These products include the self-calibrated
maps of the Stokes I, Q, U observations and the maps of
debiased polarized intensities, polarization position an-
gles, and polarization fraction for each source. These
maps are all primary beam corrected. We also include
their associated error maps and a map of the primary
beam. The Stokes I, Q, U, and polarized intensity errors
correspond to the map error at the phase center (see Ta-
ble 2) scaled by the primary beam correction. The error
maps for the polarization position angles and polariza-
tion fraction are calculated by propagating the individual
errors in the associated maps pixel by pixel.
The data products are available at Dataverse16
for individual fields or for the entire sample. The
maps are provided as FITS files with the form
FIELD TYPE 233GHz.fits, where FIELD is the name
of the field in Table 2 and TYPE indicates whether the
map is one of the Stokes parameters (StokesI, StokesQ,
StokesU), polarized intensity (POLI), polarization posi-
tion angle (POLA), polarization fraction (POLF), or the
field primary beam (pbeam). Error maps are appended
with “err”. We also include separate maps for the mo-
saic of c2d 1008a and c2d 1008b used here; these data
use the field name of “c2d 1008”.
Table 5
Polarization Detection Results
Field Source PIpeaka PF peakb
(µJy beam−1) (%)
c2d 811 GSS 30 IRS 1 471 ± 26 3.7 ± 0.2
GSS 30 IRS 3‡ 760 ± 62 1.4 ± 0.1
c2d 822 Oph-emb-9 145 ± 25 0.5 ± 0.09
c2d 831 GY 91c 115 ± 27 12 ± 3
c2d 862 Oph-emb-6 260 ± 28 1.0 ± 0.1
c2d 885 IRS 37-A 169 ± 28 1.7 ± 0.3
c2d 954 Oph-emb-1 122 ± 26 1.1 ± 0.2
c2d 989 IRS 63 1329 ± 27 1.5 ± 0.03
c2d 1003 IRS 67-B 120 ± 28 0.3 ± 0.06
c2d 1008 IRAS 16293B 2460 ± 26 0.5 ± 0.01
IRAS 16293A 895 ± 27 0.5 ± 0.01
VLA1623a VLA 16239W 233 ± 27 1.4 ± 0.2
VLA1623b VLA 1623B 1285 ± 27 2.0 ± 0.04
VLA 1623A 1185 ± 27 2.1 ± 0.04
a Debiased polarized intensity at the peak Stokes I position (see
Table 3). Errors correspond to σPI for the field scaled by the
primary beam correction at the position of the source. Sources
with ‡ are outside of the inner third of the primary beam.
b The corresponding polarization fraction at the same position.
Errors corresponds to the statistical error described in Section 3.2
and do not include the instrument polarization.
c The values for polarized intensity and polarization fraction for
GY 91 are from the position of the peak polarized intensity.
4. POLARIZATION MECHANISMS
Of the 41 continuum sources that we detect, 37 of them
are considered to be YSOs between Class 0 and Class II.
Of these 37 YSOs, only 14 (∼ 38%) have polarization
detections (35% if we exclude the marginal detection of
GY 91). In this section, we identify the likely polar-
ization mechanisms for the sources detected in dust po-
larization. We discuss why most of the sources appear
undetected in polarization in Section 5.4.
16 https://doi.org/10.7910/DVN/QYNZRR
Table 6
Non-detection Upper Limits
Field Source σPI a PF ,limitb
(µJy beam−1) (%)
c2d 857 WL 16 26 1.8
c2d 862 ALMA J162705.5 30 26
c2d 867 WL 17 27.3 0.3
c2d 871 Elias 29 26.5 0.5
c2d 885 IRS 37-B 27.5 9.3
IRS 37-C 28 10
ALMA J162717.7 29 32
IRS 39‡ 83.3 33
c2d 890 IRS 42 27.5 0.7
c2d 892 Oph-emb-5c 26 · · ·
c2d 894 Oph-emb-12 26.5 1.8
c2d 899 IRS 43-A 25.5 0.6
IRS 43-B 25.5 4.8
GY 263‡ 30.2 1.3
c2d 901 IRS 44 25 0.7
c2d 902 IRS 45 26.3 3.9
VSSG 18 B‡ 43 13
c2d 904 IRS 47 26 1.1
ALMA J162729.7‡ 37 21
c2d 963 Oph-emb-18 25.8 4.1
c2d 990 Oph-emb-4 26.5 0.9
c2d 991 Oph-emb-25 26.5 0.9
c2d 996 Oph-emb-7 26.8 21
c2d 998 Oph-emb-15 26 2.4
c2d 1003 IRS 67-A 28 1.0
VLA1623b VLA 1623NE‡ 149 3.9
IRAS16288 ISO Oph 210 26 2.0
ALMA J163203.3‡ 68.4 33
a The error in the polarized intensity at the position of the source.
Sources with ‡ are outside of the inner third of the primary beam.
b The 3-σ upper limit polarization fraction for a non-detection.
c Oph-emb-5 was not detected in Stokes I continuum.
Figure 4. Histograms of log peak flux density. Sources that are
well detected in polarized intensity are shown with open histograms
and the sources not detected or only marginally detected in polar-
ized intensity by filled histograms.
4.1. Morphological Description
In Section 3.2, we show images of the 14 YSOs that
are detected in polarization. By eye, we see a variety
of polarization structures, with some sources showing
homogenous polarization position angles, whereas oth-
ers have circular or complex polarization position angles.
Here, we describe the general polarization e-vector mor-
phology of each source and also the orientation of the
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Table 7
Polarization Detections by Region and Class
Detecteda Undetecteda Detection fraction
Region
Oph A 6 2 0.75
Oph B 1 5 0.17
Oph E 1 4 0.2
Oph F 0 6 0.0
L1688 1 1 0.5
L1689N 2 0 1.0
L1689S 1 5 0.17
L1709 1 1 0.5
Class
Class 0 6 0 1.0
Class I 7 11 0.4
Flat 0 4 0.0
Class II 0 9 0.0
a Excludes objects that are re-classified as galaxies or stars. The
marginal detection for GY 91 is added to the undetected column
for this table.
e-vectors relative to the Stokes I continuum emission.
Table 8 summarizes the polarization morphological de-
scription for each source. We include a separate entry
for the large circumbinary disk around VLA 1623A sep-
arately from its smaller compact disk as the two show
distinct polarization structures that likely arise from dif-
ferent mechanisms (see Paper I). Columns 1 and 2 give
the source name and classification from Table 3. Column
3 gives the inclination (i), estimated from the ratio of the
minor to major axis (cos i = b/a) from our Gaussian fits
(see Table 3), assuming the dust emission is tracing ge-
ometrically thin disks. Column 4 gives the semi-minor
axis position angle (φ). Column 5 gives the weighted
average polarization position angle (< θP >)
17. The re-
ported error for < θP > corresponds to the weighted
standard deviation. Column 6 gives the angle difference,
∆, between the weighted average polarization position
angle and semi-minor axis, ∆ = |φ − < θP > |. Column
7 describes the overall polarization morphology, where
“U” is uniform, “A” is azimuthal, and “C” is complex
(see below). Column 8 indicates whether the polariza-
tion is aligned with major or minor axes of the Stokes
I continuum source. Column 9 gives the dust opacity
index, β (see Appendix C and Section 4.2) and column
10 gives the outflow orientation (θout) if known. Since
IRAS 16293A and IRAS 16293B are confused with the
dense envelope around the stars, we instead fit a Gaus-
sian to their brightest emission defined by an area of
I & 100 mJy beam−1 to get their general geometries
and weighted average polarization angles.
We consider three morphological descriptions for the
polarization e-vectors: “uniform”, “azimuthal”, or “com-
plex”. While many sources show multiple polarization
morphologies, we only report the most dominant one.
The source morphologies are defined as:
• Uniform Polarization: Uncertainty on the
weighted average polarization position angle is <
10◦.
17 We use a weighted average to estimate the typical polariza-
tion angle and determine whether or not the polarization angles
are uniform. Most sources have insufficient independent measure-
ments to estimate a mean or standard deviation via a Gaussian
distribution.
• Azimuthal Polarization: Polarization e-vectors
follow an idealized elliptical pattern (e.g., Mori
et al. 2019). For simplicity, we assume that the ide-
alized elliptical pattern traces the same dimensions
as the continuum source (e.g., using the geometry
given in Table 3).
• Complex Polarization: The polarization mor-
phology is neither uniform nor azimuthal.
From the above definitions, we find that nine YSOs
have uniform polarization angles. These systems are:
GSS 30 IRS 1, GSS 30 IRS 3, Oph-emb-6, IRS 37-A,
Oph-emb-1, IRS 67-B, VLA 1623W, VLA 1623B, and
VLA 1623A (compact). In most of these systems, the
polarization angles are also well aligned with the minor
axis, with the exception of IRS 67-B, which is aligned
with the major axis, and Oph-emb-1, which is aligned
with neither axis. We consider the polarization aligned
with the minor axis if the angle difference, ∆, is consis-
tent with zero within ∼ 1σ (or aligned with the major
axis if ∆ is consistent with 90◦ within ∼ 1σ). We do not
calculate ∆ for sources with errors & 30◦ for either their
semi-minor axis or weighted average polarization angle
as the individual position angles are too unconstrained
to measure a meaningful angle difference.
There are four cases of azimuthal polarization angles.
These sources are GY 91, IRS 63, IRAS 16293B, and
VLA 1623A (extended). We note, however, that none
of these sources showed pure circular or elliptical po-
larization. Figure 5 compares the observed polarization
(purple line segments) of these four YSOs to their ideal-
ized elliptical polarization (green line segments), assum-
ing the idealized elliptical pattern traces the same dimen-
sions as the Stokes I source. For IRS 63, IRAS 16293B,
and VLA 1623A (extended), we see substantial devia-
tions from the elliptical pattern that may be indicative
of other polarization mechanisms or changes in optical
depth (see Section 4.2). As such, we cannot quantify
the azimuthal structure using the distribution of angular
deviations to measure the agreement as in Mori et al.
(2019). Instead, we require that the polarization mor-
phology must be dominated by an elliptical component
for the system to be considered azimuthal. We therefore
define azimuthal polarization when at least half of the
e-vectors have an angular deviation of < 25◦ with the
idealized elliptical pattern.
Finally, there are two YSOs, Oph-emb-9 and IRAS
16293A, that have complex polarization (see Figure 3).
Both sources appear to have a mix of azimuthal and uni-
form polarization, but neither morphology dominates.
Nevertheless, its polarization is well aligned with the mi-
nor axis. The polarization of IRAS 16293A is mostly
aligned with the major axis, but shows substantial cur-
vature at larger radial extents that result in larger un-
certainties on its weighted average polarization position
angle (20◦). Thus, neither object is well fit with a uni-
form or elliptical morphology.
4.2. Physical Interpretation
In this section, we determine the likely polarization
mechanism for the YSOs using the morphological de-
scription of the previous section and the physical prop-
erties of the source. Several different mechanisms can
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Table 8
Polarization and Disk Orientations
Source Class i φ < θP > ∆
a Morphb Alignb βc θoutd
(◦) (◦) (◦) (◦) (◦)
GSS 30 IRS 1 I 74.5 ± 10 27.0 ± 6.8 28.5 ± 6.3 1.5 ± 9.0 U minor 0.12 ± 0.04 22 (1*)
GSS 30 IRS 3 I 70.8 ± 0.6 19.6 ± 0.4 15.7 ± 4.9 3.9 ± 4.9 U minor 0.19 ± 0.05 20 (1*)
Oph-emb-9 I 67.0 ± 0.9 -62.2 ± 0.9 -64 ± 15 1.8 ± 15 C minor 0.18 ± 0.03 -65 (2*)
GY 91 F 33.6 ± 9 65 ± 29 69 ± 46 · · · A · · · 0.64 ± 0.44 · · ·
Oph-emb-6 I 76.0 ± 0.5 78.6 ± 0.1 74.6 ± 4.6 4.0 ± 4.6 U minor 0.27 ± 0.03 80 (3*)
IRS 37-A I 69 ± 8 -82.5 ± 3.9 -86.9 ± 4.1 4.4 ± 5.7 U minor · · · 60 (4*)
Oph-emb-1 0 68.9 ± 2.5 25.2 ± 2.0 85.5 ± 3.7 60.3 ± 4.2 U none 0.98 ± 0.06 22 (5)
IRS 63 I 47.2 ± 1.6 58.4 ± 2 61 ± 12 2.6 ± 12.2 A minor 0.35 ± 0.19 50− 64 (6)
IRS 67-B I 54.2 ± 4 0.5 ± 5.9 87.3 ± 7.9 87 ± 10 U major 0.74 ± 0.09 · · ·
IRAS 16293A 0 57.3 ± 3 -37 ± 2.9 63 ± 21 100 ± 21 C major · · · 90, -45 (7)
IRAS 16293B 0 20.7 ± 6 35 ± 42 62 ± 48 · · · A · · · · · · · · ·
VLA 1623W 0 81.4 ± 1.0 -79.9 ± 0.5 -81.1 ± 6.3 1.2 ± 6.3 U minor 0.28 ± 0.13 · · ·
VLA 1623B 0 70.9 ± 2.8 -47.4 ± 1.8 -46.6 ± 2.3 0.8 ± 2.9 U minor 0.48 ± 0.08 -55 (8)
VLA 1623A (compact)e 0 64.1 ± 3 -51.8 ± 3.5 -53.7 ± 4.0 1.9 ± 5.3 U minor 0.45 ± 0.29 -55 (8)
VLA 1623A (extended)e 0 54.8 -60 26 ± 30 · · · A · · · 0.6 ± 0.7 -55 (8)
a Sources without values have unconstrained values (errors & 30◦) for φ and < θ >.
b Morphological description of the polarization and alignment relative to the major or minor continuum axis. “U” indicates the polarization
is uniform, “A” indicates the polarization is azimuthal, and “C” indicates the morphology is complex. Multiple entries mean more than
one morphology is present.
c Estimated dust opacity index using archival data, if applicable. See Appendix C.
d Estimated outflow position angle in the literature with reference if applicable (see Figure 3). For VLA 1623A and VLA 1623B, we give
the same outflow orientation for both because only one outflow is seen for both sources. Numbers in the parentheses indicate the reference
for the outflow orientation and stars indicate that the literature reference did state the position angle and as such, we estimated the outflow
position angle by eye from integrated intensity maps. References are: (1) Friesen et al. 2018, (2) Kamazaki et al. 2003, (3) Bussmann et al.
2007, (4) van der Marel et al. 2013, (5) Yen et al. 2017, (6) Visser et al. 2002, (7) van der Wiel et al. 2019, (8) Santangelo et al. 2015.
e VLA 1623A is split into two entries, one for the compact disk with uniform polarization and one from the extended disk with azimuthal
polarization. Values for i and φ are based on a by-eye fit to the continuum data as reported in Paper I. The dust opacity index for the
extended emission is estimated from setting nterms = 2 in clean to estimate the spectral index, α, for β = α− 2.
cause polarization in disks. These mechanisms include
dust self-scattering processes and grain alignment from
either magnetic fields, radiative alignment torques or k-
RATs, mechanical torques, or aerodynamic alignment
(e.g., Tazaki et al. 2017; Hoang et al. 2018; Kataoka et al.
2019; Yang et al. 2019). For this analysis, we use morpho-
logical arguments to support or reject specific polariza-
tion mechanisms. In particular, we focus on polarization
from dust self-scattering and magnetic fields as the the-
oretical frameworks for these two mechanisms are better
established.
4.2.1. Polarization from Dust Self-Scattering
Dust self-scattering is emerging as a common mech-
anism behind the polarization of young disks (e.g.,
Kataoka et al. 2016b; Stephens et al. 2017; Hull et al.
2018; Harris et al. 2018; Bacciotti et al. 2018; Dent et al.
2019). This mechanism is attributed to Rayleigh scat-
tering from large dust grains within the disk (Kataoka
et al. 2015) that produces a polarized signature of a few
percent if the disk radiation field is anisotropic, e.g., the
scattered emission has a preferred direction based on the
flux gradient of the radiation field. The polarized intensi-
ties and polarization morphologies are therefore strongly
dependent on the disk properties, such as dust grain size
(e.g., Kataoka et al. 2015, 2017), disk geometry (e.g.,
Yang et al. 2016; Kataoka et al. 2016a), disk substruc-
ture (e.g., Kataoka et al. 2016b; Pohl et al. 2016), and
optical depth (Yang et al. 2017). More recently, models
have suggested that the dust grain shape and porosity
can also affect the observed polarization structure from
dust self-scattering (e.g., Kirchschlager et al. 2019).
To help identify polarization from self-scattering, we
also consider the physical properties of the source. In
particular, we use the source inclination, i, to infer the
geometry and dust opacity index, β (see Table 8), to es-
timate the source optical depth. A number of theoretical
studies have shown that the dust self-scattering signature
is highly dependent on the disk geometry and disk opti-
cal depth (e.g., Yang et al. 2016; Kataoka et al. 2016a,
2017; Yang et al. 2017). Table 8 gives the inclination and
dust opacity index for each source. For the dust opac-
ity index, we first calculate the (sub)millimeter spectral
index, α, from multi-wavelength data in the literature
when available, and then infer β under the assumption
that β = α− 2 (see Appendix C for details). We assume
that values of β ≈ 0 are consistent with optically thick
dust emission, although we discuss other possibilities in
Appendix C.
We use the following morphological description for po-
larization from dust self-scattering: inclined (i > 60◦)
disks with optically thick dust emission will show uni-
form polarization angles that are aligned with the disk
minor axis, whereas face-on disks (i . 20◦) will be depo-
larized toward the center of the disk and show azimuthal
polarization at larger radial extents (Kataoka et al. 2015,
2016a; Yang et al. 2016, 2017). For intermediate inclina-
tions, we assume the scattering polarization morphology
can also be a hybrid, with uniform polarization angles
toward the center and more azimuthal polarization at
large radial extents as shown in Yang et al. (2016).
Table 9 summarizes qualitatively the inclination, opti-
cal depth, and polarization morphology for the sources.
Qualitatively, nine of the sources are consistent with dust
self-scattering. The majority of cases are associated with
optically thick, highly inclined disks that have uniform
polarization vectors aligned with their minor axes. IRS
63 has a moderate inclination (47◦), and its mix of uni-
form and azimuthal polarization is consistent with dust
scattering in an optically thick, moderately inclined disk.
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Figure 5. Comparison between the observed polarization e-vectors and an ideal elliptical polarization morphology for the four sources
dominated by azimuthal polarization. The purple line segments show the observed polarization and the green line segments show ideal
elliptical polarization. For simplicity, we show only the polarization vectors toward the inner ∼ 1′ of IRAS 16293B and we mask out the
uniform polarization e-vectors toward VLA 1623B and VLA 1623A (compact).
IRAS 16293B has a low inclination (∼ 20◦), and its az-
imuthal polarization is consistent with an optically thick,
nearly face-on disk, although the polarization structure
of this source is highly confused by its surrounding dense
envelope. IRAS 16293B is well known for having high
optical depth (β ≈ 0) within its envelope (e.g., Chandler
et al. 2005) and its near face-on geometry makes disen-
tangling the disk from the envelope complex. If the po-
larization signatures arises from self-scattering in a disk,
then the self-scattering disk of IRAS 16293B is roughly
1′ (140 au) in diameter. Detailed models of dust self-
scattering over multiple wavelengths may be able to fully
disentangle the dust polarization from the dense envelope
with the disk to enable the first clear measurement of the
disk size in IRAS 16293B.
We also identify Oph-emb-9 and GY 91 as partially
consistent with dust self-scattering. Oph-emb-9 has a
low value of β and high inclination, much like a num-
ber of sources consistent with dust self scattering (e.g.,
GSS 30 IRS 3). Nevertheless, this source has complex
polarization rather than uniform e-vectors (although, we
note that its polarization does align with the minor axis
on average). We measure a weighted standard devia-
tion on < θP > of 15
◦, which is more than a factor of 2
higher than most of the disks with uniform polarization
position angles. This more complex morphology could
indicate that another polarization mechanism is present
in addition to or instead of dust self-scattering. In the
case of GY 91, the disk has moderate inclination and
complicated structure. Sheehan & Eisner (2018) found
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Table 9
Consistency with Dust Self-Scattering
Source Class i a τb Polarizationc Scatteringd
GSS 30 IRS 1 I high thick uniform, minor yes
GSS 30 IRS 3 I high thick uniform, minor yes
Oph-emb-9 I high thick complex, minor maybe
GY 91 F moderate not thick azimuthal, none maybe
Oph-emb-6 I high thick uniform, minor yes
IRS 37-A I high · · · uniform, minor yes
Oph-emb-1 0 high not thick uniform, major no
IRS 63 I moderate thick azimuthal, minor yes
IRS 67-B I moderate not thick uniform, major no
IRAS 16293A 0 moderate · · · complex, major no
IRAS 16293B 0 low thick azimuthal, none yes
VLA 1623W 0 high thick uniform, minor yes
VLA 1623B 0 high thick uniform, minor yes
VLA 1623A (compact)e 0 high thick uniform, minor yes
VLA 1623A (extended)e 0 moderate not thick azimuthal, none no
a Source inclination group, where high is i > 60, moderately inclined is 30 < i < 60, and low inclination is i < 30.
b Expected optical depth based on the dust opacity index. We consider a source to be optically thick if β < 0.5, not thick if β > 0.5. For
IRAS 16293B, we adopt β ≈ 0 from Chandler et al. (2005) for its optical depth.
c Polarization morphology and orientation (see Table 8).
d Indicates whether or not the polarized emission is consistent with dust self-scattering.
e VLA 1623A is split into two entries. See Table 8 for details.
several gaps across the disk (see also, van der Marel et al.
2019). We detect azimuthal polarization at large ra-
dial extents in this disk, which is consistent with models
of self-scattering in disks with moderate to low inclina-
tions and gaps (e.g., Kataoka et al. 2016b; Pohl et al.
2016; Ohashi et al. 2018). We consider GY 91 to be
only partially consistent with dust self-scattering, how-
ever, because it has a slightly steeper dust opacity in-
dex (β ≈ 0.64) and its polarization detections are only
marginal.
4.2.2. Polarization from Magnetic Fields
Polarization from dust grains aligned with magnetic
fields will have different structures depending on the field
morphology. In general, models of magnetic fields on disk
scales can be described as either toroidal (the field curves
in the plane of the disk) or a poloidal (the field loops
through the plane of the disk). Since the polarization e-
vectors will be perpendicular to the magnetic field direc-
tion, a purely toroidal field will give a radial polarization
pattern and a purely poloidal field will have the polar-
ization aligned with the disk major axis. Both of these
patterns will vary with disk inclination (e.g., Tomisaka
2011; Kataoka et al. 2012; Reissl et al. 2014; Bertrang
et al. 2017), and the field may also have complex struc-
ture from hourglass shapes due to the field lines being
compressed inward by gravity (e.g., Mestel 1966; Galli
& Shu 1993; Myers et al. 2018) to multiple field mor-
phologies (e.g., Lee et al. 2018; Alves et al. 2018; Kwon
et al. 2019). Since magnetic fields can produce complex
polarization patterns, we require that dust polarization
attributed to magnetic fields be associated with optically
thin dust (Yang et al. 2017).
Excluding the sources identified as having optically
thick dust emission (see Table 9), we consider 5 sources18
for grain alignment with magnetic fields. These sources
18 We also exclude IRS 37-A because it appears to be consistent
with dust self-scattering based on its polarization morphology and
source inclination. We were unable to find any complementary
high-resolution observations of this source with which to infer an
optical depth.
are GY 91, Oph-emb-1, IRS 67-B, IRAS 16293A, and
VLA 1623A (extended). Three of them have β values
between ≈ 0.6− 0.7, which is still relatively low. Never-
theless, we suggest that the steeper slope indicates that
the dust is not entirely optically thick and that the po-
larization can be attributed to magnetic fields (see Ap-
pendix C). Oph-emb-1 has the steepest index at β ≈ 1,
and for IRAS 16293, we are mainly tracing a dense en-
velope around the protostars and not disk structures.
Protostellar envelopes are typically less optically thick
than disks and we do not expect them to have very large
dust grains that are necessary for self-scattering or ra-
diative grain alignment, although some studies suggest
that millimeter-sized dust grains could be present in en-
velopes (e.g., Miotello et al. 2014). Indeed, the inner 1′′
region of IRAS 16293B that appears to be optically thick
(β ≈ 0, e.g., Chandler et al. 2005) is the only section that
appears consistent with self scattering (Paper II).
Assuming the polarization is attributed to magnetic
fields, then the polarization position angles must be ro-
tated by 90◦ to infer the plane-of-sky magnetic field ori-
entation. For GY 91, that rotation would imply a ra-
dial magnetic field morphology. Such a field morphology
could be possible in the case of an hourglass magnetic
field that is inclined from the plane-of-the-sky at nearly
90◦ (Myers et al. 2018). But the system must have this
very special alignment to produce a purely radial field
orientation, which seems unlikely. As such, we do not
consider magnetic grain alignment to be likely in the case
of GY 91. For Oph-emb-1, IRS 67-B, IRAS 16293A, and
VLA 1623A (extended), we cannot rule out magnetic
grain alignment. We show the inferred field directions
for these sources and discuss their implications in more
detail in Section 5.1.
4.3. Polarization From Other Mechanisms
In this section, we briefly discuss other polarization
mechanisms that can affect disk scales. These mecha-
nisms include aerodynamic grain alignment, mechanical
torques, and radiative grain alignment (e.g., Tazaki et al.
2017; Yang et al. 2019; Kataoka et al. 2019). Each of
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these mechanisms can produce radial or azimuthal polar-
ization patterns depending on gas flow and grain prop-
erties and inclination. These mechanisms can, however,
produce uniform polarization if the system is very highly
inclined (e.g., near edge-on). VLA 1623W is our most
highly inclined disk detected in polarization at 81◦, which
makes it near edge-on. Nevertheless, VLA 1623W has
relatively high optical depth (see Appendix C), and po-
larization from grain alignment is suppressed when dust
emission is optically thick (Yang et al. 2017). In addi-
tion, Harris et al. (2018) found identical dust polarization
position angles at 872 µm, and we expect the dust emis-
sion to be more optically thick at shorter wavelengths.
Based on this analysis, we do not favour any of these
alternative polarization mechanisms for our sources with
uniform polarization angles. We instead focus on those
sources with azimuthal or complex polarization angles.
While the theoretical framework for these mechanisms
is still being developed, we cannot rule out k-RAT align-
ment, aerodynamic alignment, or mechanical torques for
Oph-emb-9, GY 91, IRS 63, IRAS 16293B, and VLA
1623A (extended). In the case of GY 91, deeper observa-
tions are necessary to confirm the polarization structure
hinted at in these data. Ultimately, we lack sufficient
sensitivity to properly analyze the polarization for this
complicated disk. For Oph-emb-9, IRS 63, IRAS 16293B,
and VLA 1623A (extended), we have a better sampling
of their polarization. These sources also show substantial
deviations from idealized elliptical polarization (see Sec-
tion 4.1), which could imply that multiple mechanisms
are contributing the observed polarized structure.
To determine whether or not these alternative mecha-
nisms are contributed to the observed polarization signa-
tures, we need multi-wavelength dust polarization obser-
vations to trace out the polarization structure for differ-
ent dust grain populations. Previous multi-wavelength
observations of HL Tau have shown a significant change
in polarized structure with wavelength that are at-
tributed to different polarization mechanisms. Stephens
et al. (2017) found that the polarization morphology of
HL Tau transitions from uniform at 870 µm to circular at
3 mm (see also, Harrison et al. 2019), with the 1.3 mm po-
larization representing a hybrid of the two patterns. The
uniform polarization at 870 µm is well matched by dust
self-scattering models (Kataoka et al. 2015), whereas the
circular polarization at 3 mm is likely due to a different
mechanism (see Section 4.3). Initial studies suggested
that the circular polarization was from k-RAT alignment
(Tazaki et al. 2017; Kataoka et al. 2017; Stephens et al.
2017), but more recent studies suggest that the signature
is inconsistent with that mechanism (Yang et al. 2019).
Other mechanisms that may need to be considered are
aerodynamic grain alignment (Yang et al. 2019) or me-
chanical torques (Kataoka et al. 2019). IRS 63 in par-
ticular closely resembles HL Tau at 1.3 mm in both po-
larization intensity and polarization morphology. Thus,
the polarization we see toward IRS 63 may not be solely
due to dust self-scattering. Oph-emb-9 also shows some
similarities to HL Tau and could be another source with
multiple mechanisms.
5. DISCUSSION
5.1. Magnetic Fields on . 100 au Scales
The initial goal of this survey was to conduct an un-
biased study of dust polarization on . 100 au scales
to determine to what extent magnetic fields influence
disk formation and fragmentation. Our study, however,
finds that the majority of sources have polarization mea-
surements consistent with dust self-scattering processes
rather than magnetic fields. Out of 37 YSOs detected in
continuum emission, only 5 (14%) of them have polar-
ization morphologies that appear inconsistent with dust
self-scattering. We note, however, that two of these
sources also show a mix of dust self-scattering toward the
most compact emission, making the detections of mag-
netic fields down to disk scales more complex.
Our unbiased survey shows that dust polarization does
not appear to be a good tracer of magnetic fields on
. 100 au scales on average (see also, Cox et al. 2018).
This result is in stark contrast to previous studies of po-
larization in protostellar cores and envelopes on > 500
au scales, which find that nearly all sources are polarized
(e.g., Hull et al. 2014; Galametz et al. 2018). We note,
however, that dust polarization may not be a good tracer
of magnetic fields in disks. For example, larger dust
grains from grain growth may be less efficiently aligned
with the field (e.g., Andersson et al. 2015) or polariza-
tion from the magnetic field may be obscured due to dust
polarization from competing processes (see Sections 4.2
and 4.3). Therefore, we cannot conclude that the un-
detected disks have no magnetic fields. Their magnetic
fields may instead be better detected by other tracers,
such as molecular line polarization (e.g., Brauer et al.
2017, Bertrang & Cortes in prep).
5.1.1. Field Morphologies
In this section, we focus on the five sources with po-
larization morphologies that are inconsistent with expec-
tations from dust self scattering. These sources are IRS
67-B, VLA 1623A (extended), IRAS 16293A, and IRAS
16293B. (We exclude GY 91 as this source has only a
few marginal polarization detections.) Assuming their
dust polarization is attributed to magnetic fields, Fig-
ure 6 shows their inferred magnetic field orientation ob-
tained from rotating the polarization e-vectors by 90◦
(b-vectors). The line segments in Figure 6 are normal-
ized to highlight the broad field morphology. We also
mask out the bright compact disks for VLA 1623A and
VLA 1623B, and the bright inner 1′′ of IRAS 16293B as
these e-vectors appear to be associated with dust self-
scattering rather than magnetic fields (see Section 4.2).
As outlined in Section 4.2.2, the polarization around
IRAS 16293A and IRAS 16293B mainly trace the inner
envelope around the stars and not disks. The field mor-
phology is also quite different between the two protostars
(see Paper II, for more details). The field around IRAS
16293A shows hints of a pinched morphology, but has a
fair degree of disorder that may be attributed to turbu-
lence. The pinched, hourglass shaped field is more promi-
nent in lower resolution polarization data from the SMA
(Rao et al. 2009, 2014), suggesting that gas motions are
affecting the field structure only on small scales. IRAS
16293B also shows hints of a pinched structure at larger
radial extents from the protostar, but this morphology
may be confused with substantial polarization detected
in the dust bridge between the stars. The dust bridge has
relatively uniform polarization where the inferred mag-
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Figure 6. Inferred magnetic field morphology (b-vectors) for the sources that have polarization inconsistent with dust self-scattering.
Line segments represent the same e-vectors as in Section 3.3 rotated by 90◦. For VLA 1623A (compact), VLA 1623B, and IRAS 16293B,
we mask out the polarization e-vectors that are associated with self-scattering. All magnetic field line segments are normalized to show the
general field morphology.
netic field is parallel to the filamentary structure. In Pa-
per II, we suggest that the filamentary structures could
be magnetized accretion channels.
For Oph-emb-1, IRS 67-B and VLA 1623A (extended)
the inferred magnetic field is more confined to a com-
pact disk structure. The inferred fields for IRS 67-B and
VLA 1623A (extended) are mainly perpendicular to their
disk long axes, whereas the inferred field for Oph-emb-1
is about 60◦ offset from the long axis. Both Oph-emb-
1 and IRS 67-B have highly uniform field orientations
(see also, Table 8). VLA 1623A (extended) shows more
structure. Its inferred field morphology is broadly radial
with signatures of a pinch. Paper I found largely good
agreement between the observed field structure and a
poloidal, hourglass magnetic field model, although there
were some deviations.
Overall, these protostars have magnetic fields that are
primarily poloidal on < 100 au scales and some of them
also have pinched, hourglass-shaped structures. Such
morphologies are generally expected in gravitationally
dominated systems where the field is flux-frozen to the
gas and dragged inward with the contraction (e.g., Mes-
tel 1966; Mestel & Strittmatter 1967; Galli & Shu 1993).
Indeed, each of these sources show evidence of infall or
accretion (e.g., Mardones et al. 1997; Pineda et al. 2012;
Evans et al. 2015; Mottram et al. 2017; Hsieh et al.
2019b), which suggests that their larger cores and en-
velopes are collapsing. Poloidal fields are important for
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driving jets and outflows (e.g., Hennebelle & Ciardi 2009;
Tomisaka 2011), but they can also remove angular mo-
mentum through magnetic braking and suppress the for-
mation of disks or companion stars (e.g., Machida et al.
2005; Price & Bate 2007; Hennebelle & Fromang 2008;
Li et al. 2011).
To first order, we expect magnetic fields in disks to
be mainly toroidal, as field lines are wrapped up by
rotation (Hennebelle & Ciardi 2009; Tomisaka 2011;
Kataoka et al. 2012). This toroidal field is important
to stabilize the disk and to promote accretion onto the
star (e.g., Blandford & Payne 1982; Balbus & Hawley
1998; Hennebelle & Teyssier 2008). Nevertheless, we
see no evidence that the magnetic field is dominated
by a toroidal component toward these four sources even
though all them have signatures of (Keplerian) rota-
tion (e.g., Murillo et al. 2013; Artur de la Villarmois
et al. 2018; Calcutt et al. 2018). The inferred mag-
netic field morphology for a toroidal field would be cir-
cular or spiral-shaped (e.g., Kataoka et al. 2012, 2017),
whereas the observations show primarily radial or linear
field structures. If there is significant toroidal component
within these disks, then our observations suggest that
dust polarization may not trace such field morphologies
well.
5.1.2. Comparison with Other Protostars
Poloidal and toroidal field morphologies have been seen
in a handful of other sources on . 100 au scales. Maury
et al. (2018) found extensive polarization in the inner
envelope of the Class 0 protostar B335 at ∼ 50 au res-
olution. The inferred magnetic field shows a pinched
structure and is well aligned with the stars’ outflow axis.
Kwon et al. (2019) detected highly ordered polarization
across the inner envelope of the Class 0 protobinary
system L1448 IRS 2 at ∼ 100 au resolution. The in-
ferred magnetic field appears to follow an hourglass shape
aligned with the outflows in the inner envelope, although
the field morphology deviates in the vicinity of the disks.
They suggested that this deviation could be due to an
unresolved toroidal component. Lee et al. (2018) also
detected complex polarization in the protostellar disk of
HH 111. They proposed that the polarization may be
tracing a poloidal field at the poles of the disk and a
toroidal field in the midplane (see also HH 211, Lee et al.
2019). Similarly, Alves et al. (2018) proposed that their
polarization in the circumbinary disk of the Class I pro-
tobinary system BHB07-11 is consistent with a mix of
poloidal and toroidal field orientations, although there
has been some debate (e.g., Kataoka et al. 2019). Fi-
nally, Ohashi et al. (2018) find evidence of a toroidal
field in the southern half of a protoplanetary disk, HD
142527, where the northern half is consistent with dust
self-scattering. This change in polarization suggests that
there may be regional differences in grain populations in
the disk.
As discussed in the previous subsection, the magnetic
field orientation can have profound consequences for disk
formation and stellar multiplicity. Magnetic fields can
suppress formation and fragmentation of the disk via
magnetic braking, especially in cases where the disk rota-
tion axis is parallel with the ambient field. Nevertheless,
we find a range of disk and multiplicity results for the sys-
tems with mainly vertical fields. On one hand, IRS 67-B,
VLA 1623A, L1448 IRS 2, and BHB07-11 are multiple
systems with large disks. For VLA 1623A (extended)
and BHB07-11, their poloidal fields are detected in their
circumbinary disks, whereas for L1448 IRS2, the poloidal
field is in the extended envelope around the stars. IRS
67-B also has a large circumbinary disk, but the poloidal
field we detect is toward one of the stars and not in the
larger disk (see Figure 6). On the other hand, Oph-emb-
1 and B335 are single protostars and their disks are small
(e.g., Imai et al. 2019). Maury et al. (2018) proposed that
disk formation in B335 may have been suppressed due to
magnetic braking from its poloidal magnetic field. For
Oph-emb-1, the disk is larger than B335, but its inferred
field orientation is offset from the poloidal axis. Finally,
IRAS 16239A also shows hints of an hourglass poloidal
morphology, but its disk properties are unclear due to
confusion with the envelope.
Since these several systems have broadly similar
poloidal fields and a range of protostar numbers and disk
properties, the degrees of magnetic braking must vary
with each system. For a system like B335, where the
disk is small and the star is singular (Evans et al. 2015;
Imai et al. 2019), magnetic braking may still be promi-
nent. Conversely, IRS 67-B, VLA 1623A (extended),
L1448 IRS 2, and BHB07-11 have multiple stars and
larger disks, and are likely systems where magnetic brak-
ing is weakened. Theoretical studies have shown that
magnetic braking can be mitigated if the poloidal mag-
netic field is misaligned with the rotation axis of the col-
lapsing core (e.g., Hennebelle & Ciardi 2009; Joos et al.
2012), through magnetic reconnection from turbulence
(e.g., Seifried et al. 2013; Gray et al. 2018), or from non-
ideal magnetic hydrodynamic (MHD) processes that de-
couple the field and gas (e.g., Tomida et al. 2015; Mas-
son et al. 2016; Vaytet et al. 2018). For VLA 1623A
(extended), L1448 IRS 2, and BHB07-11, their inferred
magnetic fields appear to be aligned with their axes of
rotation as traced by outflows (e.g., Alves et al. 2017;
Sadavoy et al. 2018a; Kwon et al. 2019). These systems
may require either turbulence or non-ideal MHD to cir-
cumvent magnetic braking. A system like B335, however,
does not appear to have circumvented its magnetic brak-
ing and as a consequence, it’s disk is very small. Oph-
emb-1 may be somewhere in the middle. The apparent
misalignment between its field axis and its rotation axis
may have reduced the effects of magnetic braking so that
it could form a larger disk than what is seen in B335.
5.2. Comparison with Magnetic Fields on Clump Scales
In this section, we compare our high resolution ALMA
data to the magnetic field measurements in Ophiuchus
on clump scales. For simplicity, we focus on far-infrared
and submillimeter polarization that resolves the Ophi-
uchus clumps from the James Clerk Maxwell Telescope
(JCMT) and the Stratospheric Observatory for Infrared
Astronomy (SOFIA) polarimeters. To first order, we also
assume that that far-infrared and submillimeter polar-
ization on clump-scales is generally attributed to grain
alignment from a magnetic field.
The ρ Oph A clump has been observed in dust po-
larization at 89 µm and 154 µm with SOFIA/HAWC+
(Santos et al. 2019) and at 850 µm with JCMT/POL-2
(Kwon et al. 2018), and the Oph B and C clumps have
been observed at 850 µm (Soam et al. 2018; Liu et al.
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2019). For Oph A, the 214-850 µm data show largely
consistent, well-ordered polarization across Oph A such
that the inferred magnetic field appears to be mostly
uniform. At 89 µm, there is still broad agreement with
the longer wavelength data, but the far-infrared obser-
vations includes additional polarization structure east of
the main dense clump that is not seen at the longer wave-
lengths. This eastern region may be tracing smaller dust
grains and cannot be compared to our millimeter obser-
vations. For Oph B and C, the polarization structures
and inferred magnetic fields for these two regions are
more disordered than what is seen in Oph A and their
field strengths are lower than what was obtained for Oph
A (Liu et al. 2019).
Eight of our sources lie within Oph A and six of these
are well detected in dust polarization (note that GY 91
lies outside of the polarization maps in the aforemen-
tioned studies). By contrast, three of our sources are in
Oph B with none of them are detected in polarization,
and Oph C is starless. We therefore focus our large-
scale comparison on the six sources in Oph A. In gen-
eral, we find that the large-scale polarization and small-
scale polarization morphologies are inconsistent. Some
of these differences may be explained by different polar-
ization mechanisms at small scales from magnetic fields
on large scales. Indeed, we find that GSS 30 IRS 1,
GSS 30 IRS 4, Oph-emb-6, and the three VLA 1623 cir-
cumstellar disks show polarization consistent with dust
self-scattering rather than magnetic fields. Dust self scat-
tering is unlikely to have the same polarization structure
as the inferred magnetic field.
For the VLA 1623 region, however, Kwon et al. (2018)
find an inferred magnetic field direction that is roughly
perpendicular to the inferred magnetic field axis from
the hourglass model in Paper I. While the dust scatter-
ing signatures toward the circumstellar disks can domi-
nate over an hourglass field signature when both compo-
nents are unresolved (e.g., see the 3′′ polarization map
from Hull et al. 2014), these contributions will be lo-
calized to VLA 1623A/B and VLA 1623W, whereas the
lower-resolution POL-2 observations show uniform po-
larization well off of these sources across & 0.05 pc area
of Oph A. This uniform field structure is in agreement
with the slightly higher resolution (7.8-13.6′′) data from
SOFIA (Santos et al. 2019), but the far-infrared data
also show hints of a pinched magnetic field in the vicinity
of VLA 1623, although at a different orientation. If the
SOFIA, JCMT, and ALMA observations are each tracing
pinched, hourglass-shaped magnetic fields, then the ori-
entation of that field appears to change from the clump-
scale to the disk-scale. This change suggests that either
the polarization in the extended disk of VLA 1623A does
not trace a magnetic field or the magnetic field toward
VLA 1623A may be affected by dynamical processes,
such as rotation or outflows, that alters its orientation
on small scales.
5.3. Disk Properties
We find 37 continuum sources associated with YSOs.
In Appendix A, we give the source size and mass as-
suming the compact emission can be fitted with a Gaus-
sian (see also, Table 3). We assume these continuum
detections are tracing thin disks with smooth density
distributions, e.g., most of the continuum sources are
compact and ellipsoidal in shape. We caution, however,
that both the Gaussian fits and the mass measurements
should be considered approximations since (1) many of
these sources are known to have complex disk structure,
(2) their dust emission may include flux from the disk
and inner envelope, and (3) we adopt the same tempera-
ture and opacity for each object. Nevertheless, applying
the same approach to all sources allows us to conduct a
broad comparison between them such that the statistical
results are still robust.
Figure 7 shows the distribution of the inferred disk
masses in our sample in order of increasing mass. For
simplicity, we exclude IRAS 16293A and IRAS 16293B
because their dust continuum is significantly confused
with envelope emission and their Gaussian fits are unreli-
able. We also exclude the circumbinary disk around VLA
1623A (estimated mass of 0.1 M) and focus instead on
the compact circumstellar emission around VLA 1623A
and VLA 1623B that can be fitted with a single Gaus-
sian (Paper I). We show sources detected in polarization
as filled red symbols and the undetected sources as open
black symbols. For GY 91, we use an open red symbol
to represent the marginal detection.
Most of the disks in Ophiuchus have relatively low
masses. Roughly 83% (29/35) have masses < 10 MJupiter
(0.01 M), which corresponds to the minimum mass so-
lar nebula (MMSN; Weidenschilling 1977; Hayashi 1981),
and roughly 34% (12/35) have masses . 1 MJupiter. Sim-
ilar low-mass disks were also seen in T-Tauri stars in
Orion (Ansdell et al. 2017), Lupus (Ansdell et al. 2016),
and Chameleon (Long et al. 2018). Our disk masses,
however, assume RGD = 100, whereas observations of
T-Tauri stars generally find RGD < 100 (e.g., Ansdell
et al. 2016; Long et al. 2017; Miotello et al. 2017). We
adopt the typical ISM ratio as most of our targets are in
the protostellar (Class I) stage, and therefore may still
be gas rich.
The more massive disks tend to be detected in polar-
ization. This result matches the detection summary in
Section 3.2, where the brightest sources also tended to be
detected in polarization. All sources above 10 MJupiter
are detected in polarization (or marginally detected), al-
though disks with masses down to 2 MJupiter are also de-
tected. Of the 20 sources with masses > 2 MJupiter, 8 are
not detected in polarization and 7 of these non-detections
have robust 3σ upper limits to their polarization fraction
of . 1%, which indicates that these sources have signifi-
cantly low polarization. We discuss these non-detections
in more detail in Section 5.4.
Figure 8 compares source mass and size (semi-major
axis FWHM) that we measure from the Gaussian fits.
Unresolved sources are plotted as upper limits with a
fixed size equal to roughly 1/4 of the beam (8.7 au). The
sources are also separated by their classification, with
Class 0 in red, Class I in yellow, Flat in cyan, and Class
II in black. For clarity, we do not plot mass error bars as
the masses are uncertain within factors of a few19. There-
fore, we only consider broad properties for the continuum
19 Mass uncertainties are dominated by error in dust opacity and
temperature. Dust opacity models can vary by factors of 2−4 at 1.3
mm (e.g., Ossenkopf & Henning 1994), and the dust temperature
should vary with protostar luminosity (e.g., Andrews et al. 2013),
e.g., dust temperatures of 30 K or 50 K would decrease the inferred
masses by factors of 1.7 and 3, respectively.
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Figure 7. Estimated masses for the YSOs in our sample from Gaussian fits to the continuum emission. To first order, we assume these
fits are tracing disks. Sources detected in polarization are shown in filled red symbols and undetected sources as open black symbols. The
marginal detection, GY 91, is represented by open red symbols and its upper and lower mass estimates in the literature (see text). IRAS
16239A and IRAS 16293B are not included. Dotted lines show the 5σ mass limit assuming σ = 30 µJy beam−1 and the minimum mass
solar nebula (MMSN) limit. These are total disk masses, assuming a gas-to-dust mass ratio of 100.
Figure 8. Comparison between disk mass and disk size for the
YSOs detected in our sample. Sources are separated by their YSO
Classification, with Class 0 disks in red, Class I disks in yellow,
Flat disks in cyan, and Class II disks in black. Unresolved sources
are represented by upper limits at 8.7 au (1/4 of the beam). We do
not plot error bars for the mass, because the masses are uncertain
within factors of a few. The dashed line shows a weighted linear
least squares fit to the observations. The dotted line shows an r−2
relation for comparison.
detections, assuming they are tracing disks.
Overall, we find that disk mass and size are correlated.
The dashed line shows the best-fit weighted linear least
squares relation to the full sample of resolved disks. The
slope of this relation is 1.13 ± 0.01. We note that this
linear least squares fit is heavily biased by the more mas-
sive disks, as they tend to be brighter and have lower
fitting errors. An unweighted linear least squares fit
is steeper with a slope of 1.41 ± 0.24. Assuming that
Σ ∝M/R2, we find that Σ ∼ R−(0.6−0.9) using both the
weighted and unweighted linear least squares fits. An-
drews et al. (2009) found a similar surface density of
Σ ∝ r−0.9 for nine protoplanetary disks in the Ophi-
uchus based on SMA observations and radiative transfer
models to determine the disk profiles. This agreement
suggests that protostellar disks and protoplanetary disks
have similar dust surface densities even though processes
such as planet formation, grain growth, and gas depletion
may be different. More detailed disk modeling, however,
is necessary to produce more accurate disk masses and
test the relationship between disk surface densities as a
function of source evolution.
There is no strong correlation between YSO Class and
disk size, although we note that our statistics for the
Flat sources and Class II sources are incomplete. Segura-
Cox et al. (2018) found that Class 0 and Class I disks in
Perseus had comparable sizes and masses (see also, An-
dersen et al. 2019), whereas Maury et al. (2019) found
that Class 0 disks appear smaller than Class I disks.
With only four Class 0 protostars in the Ophiuchus cloud,
there are too few sources to support either study. In gen-
eral, Cieza et al. (2019) found that the majority of Class
II disks in Ophiuchus have diameters < 30 au, which is
comparable to what we see for most objects. Combining
our results with those of Cieza et al., we find that most
disks in Ophiuchus have sizes < 30 au (FWHM) between
Class I and Class II, with hints that the Class 0 disks
may be larger on average, although we require a larger
sample to verify this claim.
5.4. Non-detected Polarization
The majority of our disks are undetected in polariza-
tion. Table 6 lists these systems with their 3σ upper
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limits to their undetected polarization. Roughly half
(13/23) of the non-detected disks have 3σ upper limit
polarization fractions . 2% and 7 of these disks have 3σ
upper limits of < 1%. Since previous observations of po-
larization on envelope scales found typical polarization
fractions of & 2% for YSOs (e.g., Hull et al. 2014; Cox
et al. 2018), many of the disks undetected in polarization
have significantly low polarization fractions.
Indeed, many disks may have very low polarization
fractions in general. Hughes et al. (2013) observed three
protoplanetary disks in polarization with the SMA and
CARMA and found that all were undetected with 3σ
upper limits of < 1%. Subsequent ALMA observations
of one disk, DG Tau, found that these it had uniform
polarization consistent with dust self-scattering at low
polarization fractions of ∼ 0.4% (e.g., Bacciotti et al.
2018). Similarly, Harrison et al. (2019) detected very
low polarization fractions < 1% toward a small sample
of protoplanetary disks with ALMA in 3 mm dust po-
larization. They also found that two of their six disks
remained undetected with 3σ upper limits < 1% with
ALMA. Since the four detected disks show polariza-
tion attributed to self-scattering processes or radiative
grain alignment, Harrison et al. suggested that the non-
detected disks may lack a population of large dust grains
which are needed to produce these polarization signa-
tures. Deeper observations, however, are necessary.
Low polarization fractions may arise if the grains can-
not be efficiently aligned (e.g., they lack paramagnetic
material necessary to align with the magnetic field) or if
the grains are too small to produce a dust self-scattering
signature. Kataoka et al. (2015) found that dust grains
with sizes of ≈ λ/2pi are most efficient at producing po-
larization from self-scattering processes. At 1.3 mm, this
size corresponds to 200 µm, but a small range in dust
grain sizes (e.g., ∼ 50− 250 µm) can produce a polariza-
tion signature at 1.3 mm from self scattering. Simula-
tions of dust grain growth suggest that grains with sizes
of ∼ 100 µm can form quickly in the inner radii of disks
where the high surface densities are high (e.g., Brauer
et al. 2008; Birnstiel et al. 2010). We see no evidence
of unusually low surface densities in our disks to suggest
that they cannot form large dust grains (see Section 5.3).
Alternatively, these disks may have unresolved polar-
ization structure that appears depolarized at our resolu-
tion. In Sections 4.2 and 4.2.2, we outline how disk ge-
ometry can affect the observed polarization signatures.
Figure 9 compares histograms of disk inclination for the
resolved sources that are detected in polarization (solid)
with those that are undetected (dashed). For simplicity,
we exclude IRAS 16293A and IRAS 16293B, as these
sources do not have clear disks with which to mea-
sure their inclination, and GY 91, because it is only
marginally detected in polarization. To help improve
the statistics, we include two values for VLA 1623A, one
for the compact circumstellar material around the un-
resolved binary and a second entry for the extended cir-
cumbinary disk (see Figure A32). We can treat these two
components separately because they show different po-
larization structures attributed to different mechanisms
(see Section 4).
Figure 9 shows that the disks detected in polarization
tend to have inclinations of > 60◦, whereas the unde-
tected disks have more shallow inclinations of < 60◦. Us-
Figure 9. Histograms of disk inclination for the resolved disks.
Source detected in polarization are shown by the solid line, and the
undetected sources as the dashed line. These histograms exclude
IRAS 16293A, IRAS 16293B, and GY 91 for simplicity. These
data include the compact and extended circumbinary disks of VLA
1623A as two separate objects.
ing an Anderson-Darling test, we find that the two distri-
butions are inconsistent at the 2.5% level. We note, how-
ever, that disk inclinations as measured from cos i = b/a
are only robust if the disk is well resolved (e.g., over
two beams along the minor axis) and geometrically thin.
Since most of our disks are compact (< 2 beams), we may
be biased to steeper inclinations. Nevertheless, higher
resolution observations of WL 17, Oph-emb-1, and VLA
1623B (Sheehan & Eisner 2017; Harris et al. 2018; Hsieh
et al. 2019b) give consistent inclinations within 5◦ of our
estimate, which suggest that our inclinations are broadly
reliable.
Figure 10 compares disk inclination with peak inten-
sity (top) and deconvolved semi-major axis size (bot-
tom) for the sources with uniform polarization (red di-
amonds), azimuthal polarization (blue diamonds), and
undetected sources (open diamonds). For simplicity, we
only show the undetected sources with 3σ upper limits
< 2%. We find that disks with inclinations > 60◦ tend
to have uniform dust polarization morphologies. Since
disks with higher inclinations will be observed through
higher columns of dust, we should expect these disks to
have higher optical depths on average. In these cases, we
would expect the dust polarization signature to be dom-
inated by self-scattering and the signature to be uniform
and along the minor axis due to the high inclination (e.g.,
Kataoka et al. 2016a; Yang et al. 2016, 2017; Kataoka
et al. 2017).
Figure 10 also shows that sources with azimuthal po-
larization tend to have lower inclinations (< 50◦) and
very large sizes. Sources of comparable inclination but
smaller size may therefore appear unpolarized due to un-
resolved azimuthal structure. For example, WL 17 is the
brightest source in our sample that is undetected in dust
polarization. It has a low dust opacity index of β < 0.3
(see Appendix C), such that we would expect it to be
detected in polarization from self-scattering processes.
Based on its moderate inclination of 38◦ and central cav-
ity Sheehan & Eisner (2017), the expected polarization
pattern from self-scattering should be azimuthal (e.g.,
Pohl et al. 2016; Ohashi et al. 2018). Indeed, GY 91
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Figure 10. Source inclination versus peak Stokes I intensity (top)
and deconvolved semi-major axis (bottom). Red diamonds rep-
resent sources with uniform polarization, blue circles represent
sources with azimuthal polarization, and purple squares are sources
with complex polarization (see Table 8). Open black diamonds rep-
resent sources that are undetected in polarization with 3σ upper
limits < 2% (see Table 6). For the peak flux, we show 10% error
bars representing the flux calibration uncertainty.
and IRS 63 also have moderate inclinations are are dom-
inated by an azimuthal polarization structure. WL 17,
by contrast, is marginally resolved compared to GY 91
and IRS 63, and an azimuthal pattern would be depolar-
ized within the beam (e.g., see the 3 mm observations of
HL Tau in Kataoka et al. 2017). We note that smaller
and fainter disks than WL 17, e.g., GSS 30 IRS 1 and
IRS 37-A, are well detected in polarization likely because
they have high inclinations (& 70◦) such that their po-
larization pattern form self-scattering is uniform and can
be recovered even if the disk is only marginally resolved.
There are three larger sources (& 0.2′′) with high incli-
nations (> 70◦) that are also not detected in polarization
with 3σ upper limits of ∼ 1%. These sources are GY 263,
IRS 47, and Oph-emb-4. Based on their inclinations, we
would expect these objects to have uniform polarization
aligned with their minor axis due to dust self-scattering.
Since other disks in this study and in the literature show
very low polarization fractions of < 1% (e.g., like HL
Tau or DG Tau; Stephens et al. 2017; Bacciotti et al.
2018), we may need deeper observations to detect the
polarization for GY 263, IRS 47, and Oph-emb-4. Alter-
natively, the very low polarization fractions may indicate
that these disks lack large dust grains or high optical
depths necessary to produce a dust self-scattering signa-
ture, as seen for similarly inclined but brighter disks like
GSS 30 IRS 1 and IRS 37-A.
5.5. Galaxy Contamination
Several of our new detections are faint, point-like ob-
jects that are also undetected at near-infrared and mid-
infrared wavelengths with Spitzer and WISE (see Ap-
pendix A). Since these objects are undetected in the in-
frared, they are unlikely to be YSOs. We therefore con-
sider the possibility that they are external galaxies. Sev-
eral recent surveys have estimated the background galaxy
source counts as a function of brightness using the SMA
(e.g., Hayward et al. 2013) and ALMA (Carniani et al.
2015; Hatsukade et al. 2018). These studies typically es-
timate > 104 galaxies with intensities > 0.15 mJy per
square degree at ∼ 1 mm. Within the ALMA primary
beam, these source counts amount to a non-negligible
probability of detecting a galaxy in each field.
The likelihood of detecting a background galaxy is a
strong function of its brightness and where it falls in the
primary beam. To estimate the probability of detecting a
background galaxy in our observations, we calculate the
likelihood of finding a galaxy above a threshold across
the primary beam. For the galaxy number counts, we
use the 1.3 mm results of Carniani et al. (2015) based on
ALMA observations. They give a Schechter function of
the differential galaxy numbers of,
dN
dS
= 1800 deg−2
(
S
S0
)−2.08
exp
(
− S
S0
)
, (7)
where N is the number of galaxies with intensity, S, and
S0 = 1.7 mJy. For simplicity, we adopt three galaxy in-
tensity thresholds of 5σ(r), 10σ(r), and 20σ(r), where
σ(r) is the map sensitivity as a function of position in
the primary beam. We adopt σ = 0.03 mJy at the phase
center and allow σ(r) to increase at larger radial extents
according to the primary beam correction. Since the
threshold varies across the primary beam, we calculate
the probability of detecting a galaxy at each threshold in
annuli separated by ∼ 0.3′′, or roughly the synthesized
beam width.
Figure 11 shows the probability of detecting a galaxy
in these annuli as a function of radial extent in the pri-
mary beam. In all three cases presented, we find the
probability differential functions peak near the halfway
point between the phase center and the primary beam
FWHM. As outline above, there are two competing fac-
tors to the probability of detecting a galaxy across the
primary beam. The search area increases with radius,
but the sensitivity to the galaxy decreases with radius.
The distributions peak at slightly different locations for
each of the thresholds. We find a peak probability at 9.3′′
for the 5σ threshold, 8.8′′ for the 10σ threshold, and 8.1′′
for the 20σ threshold.
Figure 12 shows the cumulative probability functions
for a galaxy detection for each threshold. These curves
are measured from the annuli functions by taking the
product of the probability of a non-detection in each an-
nulus, Π(1−Pi). We find that the probability of detect-
ing a galaxy within the primary beam is 66% for the 5σ
threshold, 31% at 10σ, and 10% at 20σ.
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Figure 11. Probability of detecting a point-source galaxy at 1.3
mm in different annuli within in the ALMA primary beam, where
R = 0 corresponds to the phase center. All annuli have a width
roughly equal to the synthesized beam. The curves show the
probability distributions for galaxies detected at > 5σ(r) (solid),
> 10σ(r) (dashed), or > 20σ(r) (dot-dashed), assuming σ = 0.03
mJy at the phase center.
Figure 12. Cumulative probability of detecting a point-source
galaxy at 1.3 mm as a function of position in the ALMA primary
beam for different detection thresholds. The curves show thresh-
olds of > 5σ(r) (solid) or > 10σ(r) (dashed), and > 20σ(r) (dot-
dashed), assuming σ = 0.03 mJy at the phase center.
We consider galaxy contamination to be most signif-
icant for sources with S/N < 20 in our observations
based on the probability curves in Figure 12. Only 6/41
(15%) of our continuum source have fluxes < 20σ. These
objects are ALMA J162705, ALMA J162717.7, IRS 39,
ALMA J162729.7, Oph-emb-7, and ALMA J162729.7.
Using the source S/N value and their positions within
the primary beam, we estimate the probability that these
objects are galaxies. The probabilities are 5%, 5%, 35%,
14%, < 1%, and 42%, respectively. Of these faint detec-
tions, Oph-emb-7 has a very low probability (< 1%) of
being a galaxy and is likely a true YSO. We also consider
IRS 39 to be a YSO, even though it has a high probabil-
ity (35%) of being a galaxy, because it is also detected at
infrared wavelengths (e.g., Evans et al. 2009). High red-
shift galaxies detected in the (sub)millimeter have spec-
tral energy distributions (SED)s that peak at far-infrared
wavelengths (e.g., Casey et al. 2014) and would not be
detected at near-infrared or mid-infrared wavelengths.
Thus, we classify four continuum sources as extragalac-
tic objects. Based on our analysis, the probability of de-
tecting a galaxy at ∼10σ in any given field should be
∼ 30%. Excluding those fields with σ & 50 µJy beam−1
at the phase center (e.g., those that are dynamic range
limited), we estimate that an extragalactic source should
be detected at 10σ in roughly 6 fields, which is compara-
ble to the observed number. We note, however, that our
probabilities assume galaxies are distributed randomly in
the primary beam, whereas galaxies tend to cluster (Hat-
sukade et al. 2018). These probabilities should therefore
be taken as a first order estimate.
5.6. Class 0 and Class I Multiplicity
In this section, we briefly discuss the multiplicity statis-
tics for the Class 0 and Class I systems only. We exclude
the Flat and Class II statistics because those populations
statistics incomplete (e.g., we detect Flat and Class II
sources only if they were within our field of view or if
a Class I sources was previously misclassified). For sim-
plicity, we consider two sources to be companions if they
are within the same primary beam and they are at the
same evolutionary stage. Table 3 lists the adopted evolu-
tionary stages of each YSO based on ancillary data that
probe the star SED, outflows, surrounding envelope, disk
structure, and chemistry (see Appendix A).
We find a total of 6 multiple systems in the Class 0 and
Class I populations of the Ophiuchus molecular cloud and
10 single systems. For the multiple systems, four are bi-
naries (GSS 30, IRS 43, IRS 67, IRAS 16293), 1 is a
triple star system (IRS 37), and 1 system has four stars
(VLA 1623). We note that VLA 1623 is identified with
four stars using the higher-resolution results from Harris
et al. (2018) which separate VLA 1623A into two com-
panions with separations of ∼ 14 au. For the Class 0
systems, 2/3 (67%) are in multiple systems, whereas for
the Class I systems, 4/13 (31%) are in multiple systems.
Although we have small numbers, we find a similar de-
crease in the fraction of multiple systems from the Class
0 to Class I stage that was seen in previous studies (e.g.,
Looney et al. 2000; Chen et al. 2013; Tobin et al. 2016).
Tobin et al. (2016) conducted a complete analysis of
the Class 0 and Class I multiplicity fraction (MF) and
companion star fraction (CSF) for the Perseus molecu-
lar cloud using the Karl G. Jansky Very Large Array
(VLA). That study is the largest homogeneous analysis
of protostellar multiplicity in a single cloud to date. By
comparison, Ophiuchus has far less Class 0 and Class I
objects than Perseus. Tobin et al. (2016) identified ∼ 60
Class 0 and Class I systems in Perseus (total number de-
pends on how one defines the multiple systems), whereas
we find 16 Class 0 and Class I systems in Ophiuchus,
and of these, only three are at the Class 0 stage. Thus,
we will evaluate the multiplicity of Ophiuchus as a whole
rather than separate the Class 0 and Class I sources.
Following Tobin et al. (2016), we calculate MF = (B +
T + Q)/(S + B + T + Q) and CSF = (B + 2T + 3Q)/(S
+ B + T + Q), where S is the number of single systems,
B is the number of binaries, T is the number of triple sys-
tems, and Q is the number of quadruple systems. Our
sample is complete over separation ranges of ∼ 35−1800
au. There are higher resolution (∼ 15 au) observations of
VLA 1623A (Harris et al. 2018), but we lack comparable
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resolution data for our entire sample. On larger sepa-
rations, we are limited by the primary beam FWHM of
∼ 25′′. While some sources are detected beyond the pri-
mary beam FWHM (e.g., see Figure 2), we may not have
complete statistics beyond 1800 au separations. Thus,
we only calculate MF and CSF for separation ranges be-
tween 35 - 1800 au.
For our full sample of Class 0 and Class I systems, we
measure MF = 0.29±0.11 and CSF = 0.41±0.12 for mul-
tiple separations between 35 − 1800 au. (Errors in the
MF and CSF values are derived from binomial statistics
following Chen et al. 2013.) Tobin et al. (2016) reported
values of MF = 0.27 and CSF = 0.31 for a separation
range of 50 − 2000 au and MF = 0.31 and CSF = 0.35
for a separation range of 15 − 2000 au. So Ophiuchus
and Perseus have broadly consistent multiplicity statis-
tics over similar separation ranges. The Ophiuchus mul-
tiples tend to peak at ∼ 100 au and ∼ 1200 au. The
first peak matches what has been seen in Perseus (Tobin
et al. 2016, 2018) and in Orion (Tobin et al. in prepa-
ration), but the latter peak is roughly 3× smaller than
these other clouds. This smaller second peak may be due
to our limited sensitivity to detect companions at separa-
tions > 1800 au or due to the lower number statistics in
Ophiuchus compared to Perseus and Orion. We cannot
conclude that the differences in the separation peaks are
statistically significant.
6. CONCLUSIONS
We present high resolution (35 au) ALMA observa-
tions at 1.3 mm of full dust polarization of the Class 0
and Class I protostars in the Ophiuchus molecular cloud.
Initial results for VLA 1623 and IRAS 16293-2422 were
published in Sadavoy et al. (2018a) and Sadavoy et al.
(2018b), respectively. Here, we present the full survey
overview, which consisted of 28 pointings toward 26 sys-
tems at a sensitivity of ∼ 30 µJy beam−1. Our main
results are:
1. We identify 41 compact objects in the Stokes I con-
tinuum data. Using ancillary data, we classify 6
compact sources as Class 0, 18 sources as Class I,
4 sources as Flat spectrum objects, 9 sources as
Class II objects, and 4 sources as galaxies. We
demonstrate that extragalactic contamination is
non-negligible in deep observations of protostellar
systems with ALMA, and that we detect galaxies
at approximately the expected rate per pointing.
2. Roughly one third (14) of our unbiased sample is
detected in polarization and roughly half of the un-
detected sources have 3σ upper limits to their po-
larization fractions at < 2%, indicating that they
have significantly low polarization.
3. All 6 of the Class 0 sources are detected in polariza-
tion, whereas only 8 (44%) of the Class I sources are
detected in polarization. The majority of sources
detected in polarization have polarization patterns
consistent with self-scattering processes in optically
thick, inclined disks.
4. Nine sources have uniform polarization and four
have azimuthal polarization. The sources with
uniform polarization tend to be highly inclined
(> 60◦), whereas the sources with azimuthal polar-
ization tend to be moderately inclined (20 − 50◦)
and large in size. We detect uniform polarization
toward both compact and extended sources.
5. Nine sources appear to be consistent with polar-
ization from dust self-scattering and two are par-
tially consistent. Assuming the sources that are
inconsistent with dust self-scattering have polar-
ization from grain alignment with a magnetic field,
the inferred magnetic fields are mostly poloidal or
pinched in morphology. We see no evidence of
polarization attributed to toroidal magnetic fields.
This result suggests that toroidal components may
be difficult to detect toward young protostellar
sources. If the polarization indeed is caused by
a poloidal fields, then magnetic braking must be
weakened in VLA 1623A and IRS 67-B for these
systems to have produced multiples stars and large
circumbinary disks.
6. We find no agreement between the polarization
morphology on clump scales as seen from single-
dish telescopes with the polarization morphology
detected on < 100 au scales from the ALMA data.
Some of the disconnect can be attributed to differ-
ent polarization mechanisms. In the case of VLA
1623, the field orientation may be affected by dy-
namical processes near the protostar.
7. Most of the disks in our sample have masses be-
low the minimum mass solar nebula and sizes < 30
au, in agreement with the Class II disks reported
by Cieza et al. (2019). We find that our sam-
ple of disks follow a surface density relation of
Σ ∼ r−(0.9−0.6). This surface density relation
matches what Andrews et al. (2009) found for Class
II disks in Ophiuchus using radiative transfer mod-
els. This agreement suggests that the protostellar
and protoplanetery disks in Ophiuchus have com-
parable properties.
8. We find similar multiplicity statistics for the Class
0 and Class I protostars in Ophiuchus as previ-
ously found for the Perseus molecular cloud by To-
bin et al. (2016), although we note that the number
counts for Ophiuchus are small. Ophiuchus has a
multiplicity fraction of 0.29 and a companion star
fraction of 0.41 for the combined Class 0 and Class
I systems between separations of 35− 1800 au.
9. We also compare ALMA polarization observations
that were on axis and off axis using two sets of
overlapping fields. The on-axis and off-axis polar-
ization are well matched for offsets . 5′′from the
phase center (within the inner half of the Band 6
primary beam). For larger offsets of ∼ 10′′, the
off-axis polarization position angles are largely in
good agreement with the on-axis polarization posi-
tion angles, although the polarized intensities and
fractions can by off by up to a factor of two. These
results demonstrate that polarization observations
at 1.3 mm are very reliable within the inner half
(. 6′′) of the primary beam FWHM.
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These observations represent the largest, unbiased, ho-
mogeneous dust polarization survey of protostellar ob-
jects in a single cloud to date. We include with this data
release paper, the full data products from the survey.
For our unbiased survey, we show that most polarization
detections of disks are consistent with self-scattering pro-
cesses rather than magnetic fields. This result indicates
that dust polarization may not be a good tracer of mag-
netic field structures on disk scales, especially if the disk
is highly inclined. Investigations of magnetic fields down
to the scales of disks may be limited to other tracers, such
as molecular line polarization. Dust polarization obser-
vations on < 100 au scales, however, appear to be an
excellent probe of self-scattering processes in disks that
have high inclination (> 60◦) or are well-resolved and at
moderate inclination. Such observations will provide in-
valuable information about the size, structure, and dust
grain properties within disks.
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APPENDIX
A. INDIVIDUAL SOURCES
This appendix shows the dust continuum observations
for each individual source in our sample. We describe
each object in order of their observation field. (Note
that we use the mosaic c2d 1008 in place of the individ-
ual fields c2d 1008a and c2d 1008b.) For those sources
detected in polarization, we show the Stokes I continuum
map and a polarized intensity map with polarization e-
vectors overlaid. We plot only those e-vectors that meet
the selection criteria (unless stated otherwise) in Section
3.2 with Nyquist sampling. For those sources undetected
in polarization, we only show their Stokes I continuum
data only. Unless stated otherwise, the Stokes I maps
have a log color scale, whereas the polarized intensity
maps have a linear color scale.
For each continuum detection, we also give a brief de-
scription of previous literature observations that were
used to help re-classify the detection. While the sources
have bolometric temperatures or infrared spectral indices
consistent with Class 0 or Class I protostars (e.g., Evans
et al. 2009; Enoch et al. 2009), subsequent observations
have shown that many of the Ophiuchus YSOs are af-
fected by foreground extinction (McClure et al. 2010).
To help distinguish genuine embedded protostars from
more evolved YSOs that may be affected by foreground
extinction, we also include the following criteria:
1. Class 0 and Class I protostars have reliable outflows
detections and evidence of a surrounding envelope
or core,
2. Flat spectrum sources have either outflows or a sur-
rounding envelope, but not both, and
3. Class II sources lack detectable outflows or a reli-
able core/envelope.
We further use the source bolometric temperatures to
distinguish between Class 0 and Class I objects (Evans
et al. 2009). We note that some sources may not have
robust outflow observations, especially from large, shal-
low surveys with single-dish telescopes due to confusion
with core or cloud emission. These additional criterial
are meant to improve the source classifications from the
infrared spectral index or bolometric temperature alone
using the fact that protostars must be embedded objects
and the protostellar stages are when infall and accretion
largely take place.
We reclassified 9 of our selected targets as either Flat
or Class II objects and identified 4 additional evolved
YSOs in the fields. Our adopted classifications are listed
in Table 3 and are also given in the subsections below.
Some of our targets were also observed by McClure et al.
(2010). With our new classifications, we have agreement
with McClure et al. (2010) for their envelope sources and
for several more evolved YSOs (GY 91, WL 17, IRS 39,
IRS 42). Nevertheless, McClure et al. identified several
YSOs to be disk sources that we still identify as Class I
objects (Elias 29, IRS 37, IRS 45, IRS 47, and IRS 63).
Since these objects have outflows and evidence of enve-
lope emission at (sub)millimeter wavelengths, they may
be still accreting material and true protostellar objects.
We keep our Class I designations for these sources but
note that some of them may be late stage Class I objects
(e.g., Enoch et al. 2009) or Flat sources.
We also give the results from Gaussian fits using imfit
in CASA in Table 3. For each YSO detection, we re-
port the deconvolved sizes from the Gaussian fit and
the source masses. We estimate the mass assuming the
thermal dust emission is optically thin (Kauffmann et al.
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2008),
Mdisk = 0.22 MJupiter
(
S
1 mJy
)(
d
140 pc
)2
(
RGD 0.024 cm
2 g−1
κd
)[
exp
(
11 K
T
)
− 1
]
, (A1)
where S is the source flux at 233 GHz, d is the cloud
distance, κd is the dust opacity at 233 GHz, RGD is
the gas-to-dust ratio, and T is the dust temperature.
Unless stated otherwise, we assume a distance of 140
pc, κd = 2.4 cm
2 g−1 at 233 GHz, which is appropriate
for dust in protoplanetary disks (Andrews et al. 2009),
RGD = 100, and T = 20 K. For the dust temperature, we
use the scaling relation Tdust ≈ 25(L/L)1/4 (Andrews
et al. 2013) with the median bolometric luminosity of
0.52 L for our sample (Enoch et al. 2009).
A.1. Field c2d 811: GSS 30
The c2d 811 field contains two sources, GSS 30 IRS 1
and GSS 30 IRS 3, which are separated by 14.8′′ (∼ 2000
au). Figure 2 shows a wide view of this field with both
sources labeled. These objects are associated with the
GSS 30 region of L1688 Oph A, a low-mass core with
a bipolar reflection nebula. The core also contains GSS
30 IRS 2, a T-Tauri star that is likely unrelated to the
nebula (Leous et al. 1991; Weintraub et al. 1993) but lies
within our primary beam, and GSS 30 IRS 4, an infrared
source that lies outside of the main core (Weintraub et al.
1993) and is outside the primary beam. GSS 30 IRS 2 is
undetected in our ALMA observations and was similarly
undetected in previous millimeter observations (Zhang
et al. 1997; Jørgensen et al. 2009; Friesen et al. 2018),
although it is bright at 6 cm (Leous et al. 1991). Based
on its position in the primary beam, we can put a 3-σ
upper limit for a point source 1.3 mm continuum flux of
< 0.4 mJy.
Both GSS 30 IRS 1 and GSS 30 IRS 3 are embed-
ded objects. GSS 30 IRS 3, however, is considered to
be younger, because it is the only object in the core de-
tected at both 1.3 mm and 2.7 mm (Andre´ & Montmerle
1994; Zhang et al. 1997). Previous observations from the
SMA and ALMA show it has a bright elongated disk
and a bipolar outflow perpendicular to the long axis of
the dust emission (Jørgensen et al. 2009; Friesen et al.
2018). GSS 30 IRS 1 is considered slightly more evolved
than GSS 30 IRS 3 due to less envelope emission (Zhang
et al. 1997; Jørgensen et al. 2009). Nevertheless, Andre
et al. (1990) found 1.3 mm continuum around GSS 30
IRS 1 with the IRAM 30m telescope and van Kempen
et al. (2009) detected 850 µm and HCO+ (4-3) emission
around both sources with the JCMT. The single dish ob-
servations suggest that GSS 30 IRS 1 is also embedded
and may share a common spherical envelope with the
younger GSS 30 IRS 3. Since both sources also appear
to drive outflows (White et al. 2015), we consider them
to be Class I objects for this study.
Figure A1 shows our ALMA polarization maps for GSS
30 IRS 1. The polarization angles are mainly uniform at
≈ 29◦ and they are aligned with the minor axis (27◦).
The disk is very compact with a (deconvolved) size 12
au × 3 au (FWHM) and mass of 2.2 MJupiter. We also
detect faint diffuse Stokes I continuum that extends from
GSS 30 IRS 1 eastward (see Figure 2) that could be asso-
ciated with an envelope. This extended dust emission is
detected at only ∼ 3σ, but is also faintly detected at 1.1
mm with ALMA in Friesen et al. (2018) and it is located
in the same direction as the brightest HCO+ (4-3) line
emission (van Kempen et al. 2009).
Figure A2 shows the ALMA polarization maps for GSS
30 IRS 3, also commonly called LFAM1 (Leous et al.
1991). This source is located well outside the nominal
inner third of the primary beam, and in general, such
off-axis polarization is considered less robust. Neverthe-
less, ALMA commission tests show that off-axis polariza-
tion is reliable if the source is strongly polarized (Harris
et al. 2018). Indeed, Harris et al. (2018) found excellent
agreement between off-axis polarization of VLA 1623W
in their data and on-axis polarization of VLA 1623W
presented here. In Appendix B, we further test the reli-
ability of off-axis polarization using adjacent fields that
detect the same sources. We find excellent agreement
between the “on-axis” polarization and “off-axis” polar-
ization for offsets of . 5′′ and good agreement for offsets
of ∼ 10′′, indicating that our measurements for GSS 30
IRS 3 can be considered mostly reliable. To still account
for the higher degree of uncertainty for an off-axis source,
Figure A2 uses more stringent selection criteria for the
polarization e-vectors: I/σI > 10 and PI/σPI > 5.
As with Figure A1, GSS 30 IRS 3 shows mainly uni-
form polarization angles that are along the direction of
the minor axis. Here, the polarization position angles are
≈ 16◦ and the minor axis position angle is 20◦. This disk
is also quite large. We measure a deconvolved size of 82
au × 27 au (FWHM) and a mass of 25.5 MJupiter. This
mass agrees well with the measurement of 0.026 M (27
MJupiter) from fitting SMA observations at 1.3 mm with
a disk and envelope model in Jørgensen et al. (2009).
A.2. Field c2d 822: Oph-emb-9
This field contains one source, Oph-emb-9. This source
appears to be embedded (Evans et al. 2009; Enoch et al.
2009; Dunham et al. 2015), and it has red-shifted and
blue-shifted emission from CO consistent with a bipolar
outflow. The outflow, however, is partially confused by
a redshifted lobe from VLA 1623 (White et al. 2015).
Nevertheless, near-infrared nebulosity around Oph-emb-
9 shows an opening angle consistent with the blue-shifted
emission, indicating that this source is likely driving an
outflow with a position angle of roughly −60◦ to −70◦
(Kamazaki et al. 2003). We consider Oph-emb-9 to be a
Class I object.
Figure A3 shows the polarization results for Oph-emb-
9. The Stokes I image of the source is compact and fairly
round, whereas the polarized intensity map is peanut-
shaped with minima along the minor axis. The polar-
ization position angles range from roughly −40◦ to −80◦
in an arc-like morphology. From our Gaussian fit to the
continuum emission, we find a disk position angle of 28◦,
which is nearly perpendicular to the position angle of the
outflow from Kamazaki et al. (2003) and also perpendic-
ular to the general direction of the polarization. The
deconvolved disk size is 32 au × 12.5 au (FWHM) and
the mass is 7 MJupiter.
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Figure A1. Stokes I (left) and debiased polarized intensity (right) of GSS 30 IRS 1 from our ALMA 1.3 mm observations. The polarization
e-vectors are shown as black lines and are scaled by their polarization fraction. We show e-vectors for those pixels with I/σI > 3, PI/σPI > 3,
and σθ < 10
◦. The reference polarization fraction is shown in the lower right corner and the beam is shown in the lower left corner. Unless
stated otherwise, the Stokes I maps have a log color scale, whereas the polarized intensity maps have a linear scale.
Figure A2. Same as Figure A1 except for GSS 30 IRS 3. Since this source is outside of the inner third of the primary beam (see Figure
2), we use more stringent criteria to select robust e-vectors: I/σI > 10 and PI/σPI > 5.
28
Figure A3. Same as Figure A1 except for Oph-emb-9.
Figure A4. Same as Figure A1 but for GY 91. This source has only a marginal detection in polarization.
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A.3. Field c2d 831: GY 91
Field c2d 831 contains GY 91. It has been identified
as a Class I source (Evans et al. 2009; Dunham et al.
2015) and a disk object in McClure et al. (2010). It
also has a spectral type of an M4-star based on infrared
spectroscopy (Doppmann et al. 2005) in spite of being
embedded in an envelope (Enoch et al. 2009). Recent
high-resolution ALMA observation have shown it to have
a very large, slightly inclined disk with multiple rings and
gaps. Sheehan & Eisner (2018) observed GY 91 in 3 mm
continuum at 0.05′′ resolution with ALMA. They found
three gaps in the disk and van der Marel et al. (2019)
used the same data to identify a fourth gap. Sheehan
& Eisner (2018) measure a slightly larger envelope for
GY 91 than HL Tau, suggesting that this source could
be younger than HL Tau. Alternatively, van der Marel
et al. (2019) find that GY 91 could be as young as or a
bit older than HL Tau, although it was the only source
in their sample that was optically extincted. We classify
GY 91 as a Flat source for this study.
GY 91 is the only object with a polarization classified
as marginal. Figure A4 shows its polarization results.
Its polarized intensities are weak (PI/σPI < 4) and off
the Stokes I intensity peak. Based on the non-detection
at the continuum peak, we can put a 3σ upper limit of
0.6%, which suggests it has significantly low polarization
fractions at the peak of the continuum. Nevertheless, the
detections are also associated with 5 independent beams
and appear to map out a near azimuthal morphology.
GY 91 is one of the largest disks in our sample. We
find a deconvolved size of 110 au × 94 au (FWHM),
and a mass of 14 MJupiter. These values, however, are
only broadly representative because GY 91 has known
substructure (e.g., Sheehan & Eisner 2017; van der Marel
et al. 2019). More extensive disk modeling that accounts
for the gaps is beyond the scope of the current paper.
A.4. Field c2d 857: WL 16
Field c2d 857 has WL 16. While this source has been
identified as an embedded Class I object (Evans et al.
2009; Dunham et al. 2015), it has also been identified as
a more evolved Herbig Ae star (Ressler & Barsony 2003;
Connelley & Greene 2010). This object has a rising red
spectral energy distribution that is saturated in some of
the Spitzer bands (Hsieh & Lai 2013), which makes it dif-
ficult to classify by its infrared emission. While previous
observations of WL 16 found millimeter emission from
Bolocam (Enoch et al. 2009), more recent observations
have shown that there is no surrounding core detected
at 850 µm by SCUBA-2 (Pattle et al. 2015). WL 16
also has only faint CO line wings that may be indica-
tive of a weak outflow (White et al. 2015) and its disk
is detected in extended polycyclic aromatic hydrocarbon
(PAH) emission that normally traces pre-main sequences
stars (Geers et al. 2007; Seok & Li 2017). Thus, WL 16
may be a more evolved source than a Class I object and
located behind and heavily extincted by the Oph E cloud.
We reclassify this source as Class II.
Figure A5 shows the Stokes I image of WL 16. This
source is undetected in polarization with a 3σ upper limit
of 1.8%. Previously, Zhang et al. (2017) found polariza-
tion fractions of 1 − 3% from spectropolarimetry at 8.7
µm and 10.3 µm toward WL 16. The mid-infrared polar-
Figure A5. Dust continuum map for WL 16. This source was
not detected in polarization.
ization angles were also fairly uniform at ∼ 27− 30◦ to-
ward the inner 2′′ of the mid-infrared disk. Zhang et al.
(2017), however, attribute their mid-infrared polariza-
tion to absorption from the foreground cloud rather than
emission from the disk. Their mid-infrared polarization
position angles and fractions are consistent with optical
and near-infrared polarization of background stars (Sato
et al. 1988; Goodman et al. 1990; Beckford et al. 2008)
and the expectations that this source is behind the Oph
E cloud. By contrast, our ALMA observations are sensi-
tive to polarization from the disk itself.
The disk is also unresolved in our ALMA 1.3 mm ob-
servations, which suggests that it is very small (. 9 au;
or 1/4 the beam) with an estimated mass of 0.7 MJupiter.
This disk size and mass is much smaller that what was
obtained from near-infrared and mid-infrared observa-
tions. Ressler & Barsony (2003) measured a disk size
of 900 au at mid-infrared wavelengths, which they at-
tributed to very small grains (VSGs) and PAHs. The 1.3
mm ALMA data will instead be sensitive to larger dust
grains, which are more likely than small dust grains to
move inward due to radial drift (e.g., Pe´rez et al. 2012).
Thus, we would expect the disk size traced by large dust
grains to be more compact than what is traced by small
dust grains. WL 16 may also have a limited popula-
tion of large dust grains. Najita et al. (2015) report a
millimeter-detected disk mass of . 0.16 MJupiter (scaled
by the revised distance to Ophiuchus) using 1.3 mm data
in the literature, whereas Ressler & Barsony (2003) find a
VSG disk mass of. 10 MJupiter. This difference indicates
that the mass in VSGs may be two orders of magnitude
higher than the mass in large dust grains. We note that
our estimated disk mass of 0.7 MJupiter is higher than
Najita et al. (2015), because we use a fixed temperature
of 20 K, whereas Najita et al. scale their dust temper-
atures by the star luminosity. If we use the same dust
temperature as Najita et al. (2015), we get a disk mass
of 0.1 MJupiter, in agreement with their upper limit.
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A.5. Field c2d 862: Oph-emb-6
Field c2d 862 contains the Class I source, Oph-emb-
6. This source has a well established core (Enoch et al.
2009; Pattle et al. 2015) and outflow (White et al. 2015;
Hsieh et al. 2017), indicative of a true embedded proto-
star. The infrared emission, however, is relatively weak,
and Oph-emb-6 has been classified as a candidate Very
Low Luminosity Object (VeLLO) in the literature (e.g.,
Bussmann et al. 2007; Dunham et al. 2008). Figure 2
shows that we identify two compact objects separately by
roughly 4′′ (560 au). We label these objects as Oph-emb-
6 and ALMA J162705.51-243622.27 (ALMA J162705.5
for short), where Oph-emb-6 is nearly 80 times brighter
than ALMA J162705.5 in our 1.3 mm data.
Figure A6 shows the dust polarization results for
Oph-emb-6. The Stokes I continuum image is highly
elongated and the polarization is uniform with position
angles of ≈ 75◦ across the disk with variations of 5◦ only
at the edges. These position angles align well with the
disk minor axis orientation of 79◦. The disk deconvolved
size is 58 au × 14 au (FWHM), and the mass is 8.6
MJupiter.
Previous observations of Oph-emb-6 predicted that the
protostellar disk would be viewed nearly edge-on based
on its outflow cavity. Ducheˆne et al. (2004) found an
East-West hourglass shaped cavity toward Oph-emb-6
from near-infrared imaging (see also, Hsieh et al. 2017).
Molecular line observations of the outflow are also East-
West with a position angle of roughly 80◦ North to East
(Bussmann et al. 2007; Nakamura et al. 2011). This ori-
entation places the outflow nearly perpendicular to the
long axis of the elongated dust emission in Figure A6,
consistent with expectations that the continuum emis-
sion is tracing a mostly edge-on disk that is perpendicu-
lar to the outflow.
Figure A7 shows the Stokes I continuum image of
ALMA J162705.5. This source is not detected in po-
larization, but it is also very faint. The 1.3 mm con-
tinuum peaks at 9σ, resulting in a 3σ upper limit of
26% for polarization. Thus, we do not have the sensi-
tivity to make any conclusions about the polarization of
ALMA J162705.5.
ALMA J162705.5 could be a faint binary star compan-
ion to Oph-emb-6. This source has no Spitzer counter-
part of any classification from the full c2d source cat-
alogue and no object is seen in WISE (Wright et al.
2010) at this source position. With a separation of 4′′,
ALMA J162705.5 may be undetected with Spitzer and
WISE given its proximity to Oph-emb-6. Nevertheless,
Oph-emb-6 is a relatively low-luminosity protostar and
as such, the higher resolution infrared data should have
less confusion. Based on its low flux (peak S/N = 9)
and galaxy source count statistics (see Section 5.5), we
consider ALMA J162705.5 to be a background galaxy.
A.6. Field c2d 867: WL 17
Field c2d 867 contains one object, WL 17. There are
some uncertainties about its classification in the litera-
ture. WL 17 has a rising red spectral energy distribution
that peaks at infrared wavelengths (Evans et al. 2009;
Dunham et al. 2015) and a possible envelope (McClure
et al. 2010) indicative of young, embedded protostars.
Nevertheless, WL 17 has only a weak high velocity CO
emission that may trace an outflow, but this emission
appears confused by other nearby sources (White et al.
2015). Its disk also appears more evolved. Sheehan &
Eisner (2017) observed WL 17 in high resolution (0.05′′)
3 mm continuum with ALMA and found an inner cavity
with a radius of 0.1′′ (∼ 14 au). This cavity is consis-
tent with later-stage transition disks (e.g., Espaillat et al.
2007) that are typically associated with more evolved T-
Tauri stars. We therefore consider WL 17 to be more
evolved that the canonical Class I stage.
Figure A8 shows the dust continuum image of WL 17.
This source is not detected in polarization in spite of
being one of the brightest objects in the entire sample
(peak S/N ≈ 800). We measure a 3σ upper limit for
the polarization fraction of 0.3%, which is equivalent to
a non-detection down to the instrument noise. WL 17
is also fairly compact. It has a deconvolved disk size of
32.5 au × 25.6 au (FWHM) and mass of 8.3 MJupiter.
A.7. Field c2d 871: Elias 29
Field c2d 871 contains Elias 29, a well-known embed-
ded object with an outflow (White et al. 2015). It also
has evidence of a disk from SMA and ATCA observations
(e.g., Lommen et al. 2008; Jørgensen et al. 2009; Miotello
et al. 2014), although these studies did not resolve it.
Miotello et al. (2014) combined the 1 mm and 3 mm ob-
servations to model the disk and envelope. They found
a disk mass of & 10.5 MJupiter (see also, Jørgensen et al.
2009) and evidence that dust grains must have reached
millimeter sizes within the disk and in its collapsing en-
velope. Although McClure et al. (2010) identified Elias
29 as a disk source, we consider it a Class I object based
on its envelope and outflow detections.
Figure A9 shows our dust continuum map for Elias
29. This source is compact in dust continuum and unde-
tected in polarization with a 3σ upper limit of 0.5% for
the polarization fraction, which is near the instrument
noise limit. We find a deconvolved size of 10.5 au × 9
au (FWHM), indicating that this disk is very compact
(Miotello et al. 2014). The estimated disk mass is 2.8
MJupiter.
Our estimated mass is a factor of three lower than the
mass estimates from Jørgensen et al. (2009) and Miotello
et al. (2014). These studies, however, did not resolve the
Elias 29 disk and instead fitted a disk and envelope model
to the SMA and ATCA visibilities. We detect substan-
tial extended emission south of the compact disk (see
Figure 2) at > 5σ. This extended emission matches the
north-south concentration of HCO+ (3-2) seen in Lom-
men et al. (2008), which is mainly attributed to envelope
emission. They find that Elias 29 has a relatively high
Menv/Mdisk ratio. Since this envelope emission is well
detected at high resolution with ALMA, the envelope it-
self may contain substructure that will confuse the disk
and envelope models. Indeed, Miotello et al. (2014) find
that they can fit the Elias 29 data with either a small
optically thick disk of radius 15 au or a large optically
thin disk with radius of 50-200 au. Both disks are much
larger than the resolved disk size from these ALMA data,
suggesting that previously unresolved envelope structure
may have inflated the disk size and mass for this source.
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Figure A6. Same as Figure A1 except for Oph-emb-6.
Figure A7. Dust continuum map for ALMA J162705.5. This
source was not detected in polarization. Note that the background
map uses linear colour scaling.
A.8. Field c2d 885: IRS 37
Field c2d 885 has IRS 37, a well-known YSO that has
been identified as Class I (Evans et al. 2009; Gutermuth
et al. 2009). It has a detected outflow (van der Marel
et al. 2013; White et al. 2015) and core (Pattle et al. 2015)
even though (McClure et al. 2010) identified the source as
a disk object. Figure 2 shows that the field also contains
4 additional compact objects, including a more evolved
YSO, IRS 39, 15′′ southwest of the phase center. Several
of the aforementioned compact objects were also detected
by Cieza et al. (2019) in their ALMA 1.3 mm emission.
We use a similar naming scheme as Cieza et al. (2019),
Figure A8. Dust continuum map for WL 17. This source was
not detected in polarization.
and refer to the four sources near the phase center as
IRS 37-A, IRS 37-B, IRS 37-C, and ALMA J162717.72-
242852.84 (hereafter, ALMA J162717.7) in order of their
brightness. The faintest object, ALMA J162717.7, is a
new detection.
Figure A10 show the polarization results for IRS 37-A,
the only source in the field with a robust polarization
detection. The polarization morphology appears fairly
uniform with position angles of roughly −87◦. These
polarization angles are roughly parallel to the disk minor
axis, which has an orientation of roughly -82◦. The disk
is marginally resolved, with a deconvolved size of 17 au
× 6 au (FWHM) and mass of 1.8 MJupiter.
We note that the source outflow does not appear to be
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Figure A9. Dust continuum map for Elias 29. This source was
not detected in polarization.
perpendicular to the long axis of the continuum emission.
van der Marel et al. (2013) and White et al. (2015) each
used single dish observations to trace CO from outflows
throughout L1688. Since neither study report the out-
flow position angle, we estimate it by eye using Figure 1
in van der Marel et al. (2013). We determine an approx-
imate outflow position angle of 25-30◦, compared to the
disk position angle of 8◦. This discrepancy could mean
that the continuum source of IRS 37-A is not uniquely
tracing a disk, but may include emission from an inner
envelope. Alternatively, the IRS 37 outflow may not be
well defined. Both van der Marel et al. (2013) and White
et al. (2015) find the outflow confused with neighboring
sources and only identify one lobe.
Figure A11 shows the continuum images for the four
sources in the field that are not detected in polariza-
tion. These objects are more than an order of magni-
tude fainter than IRS 37-A, and the 3σ upper limits for
their non-detection in polarization range from 9-33% (see
Table 5.4). IRS 39 is a more evolved YSO. It has an in-
frared spectral index (α < −1) and bolometric tempera-
ture (Tbol > 1000 K) consistent with a pre-main sequence
star (Evans et al. 2009; Gutermuth et al. 2009). IRS 37-
B, IRS 37-C, and ALMA J162717.7 have no Spitzer or
WISE counterpart, but such emission is likely lost in the
PSF wings of the brighter IRS 37-A source. IRS 37-B
and IRS 37-C each have peak 1.3 mm fluxes > 20σ. With
such high S/N ratios, these two sources have low prob-
abilities of being extragalactic sources (see Section 5.5).
Moreover, IRS 37-A, IRS 37-B, and IRS 37-C roughly
align with the long axis of their larger host core (Pattle
et al. 2015), and this orientation is often seen for wide
binary pairs (Sadavoy & Stahler 2017). Thus, we con-
sider IRS 37-B and IRS 37-C to be companions to IRS
37-A. ALMA J162717.7, however, is much fainter (peak
S/N is 8.5σ). Since it has a non-negligible probability of
being a background galaxy (see Section 5.5) and it does
not align with the host core long axis like the other three
sources, we consider it to be an extragalactic object.
We estimate disk masses of 0.16 MJupiter for IRS 37-B,
0.15 MJupiter for IRS 37-C, and 0.12 MJupiterfor IRS 39.
IRS 37-B is compact, with a deconvolved size of 14 au
× 12.6 au (FWHM), whereas IRS 37-C and IRS 39 are
unresolved in our observations.
A.9. Field c2d 890: IRS 42
Field c2d 890 contains a single source, IRS 42. IRS
42 is on the edge of the Oph F core outside the main
clump. It has been classified as a Class I object (Evans
et al. 2009; Dunham et al. 2015) and a Class II object
(Gutermuth et al. 2009) based on its spectral energy dis-
tribution. van Kempen et al. (2009) detected only weak
HCO+ emission and they found no obvious compact core
at 850 µm (see also, Pattle et al. 2015). IRS 42 also
shows only a marginal outflow detection (White et al.
2015), suggesting that it is perhaps more evolved. We
consider this object a Class II source in our analysis.
IRS 42 is not detected in polarization. Figure A12
shows its Stokes I continuum image. Based on the peak
intensity, we have a 3σ upper limit of 0.7%, which sug-
gests that this source has very low polarization. The con-
tinuum source is unresolved, however, indicating that the
central disk must be compact (. 9 au, 1/4 the beam).
We estimate a disk mass of 2 MJupiter.
A.10. Field c2d 892
Field c2d 892 contains Oph-emb-5, a source identified
as a Class I YSO in (Enoch et al. 2009) based on Bolo-
cam and Spitzer detections. By contrast, Gutermuth
et al. (2009) classified the Spitzer infrared object as a
transition disk candidate with an infrared spectral in-
dex of α = −0.93 and Sadavoy et al. (2010) classified
the Spitzer source as an asymptotic giant branch (AGB)
star. Subsequent observations indicate that Oph-emb-5
is unlikely to be an embedded YSO. Pattle et al. (2015)
found no evidence of a dense core at the position of the
Spitzer source in SCUBA-2 observations, and there is no
molecular line emission from dense gas tracers showing
an envelope or from CO tracing an outflow (White et al.
2015; Kamazaki et al. 2019).
We do not detect Oph-emb-5 in Stokes I continuum.
Figure A13 shows the noise map at the position of the
Spitzer infrared source, J162721.82-242727.6. This is the
only object that was completely undetected in our sam-
ple. Cieza et al. (2019) and Kamazaki et al. (2019) also
found no continuum object with 1.3 mm ALMA obser-
vations. In particular, the observations from Kamazaki
et al. (2019) include both the main ALMA array and
the compact array, and show that there is no disk or
envelope structure at the position of the Spitzer source.
Our observations have a point source sensitivity of 26
µJy, which is nearly a factor of 20 better than Kamazaki
et al. (2019) and a factor of 6 better than Cieza et al.
(2019).
Kamazaki et al. (2019) argued that the non-detection
in their continuum data was consistent with low masses
in T-Tauri disks. Ansdell et al. (2017) and Long et al.
(2018) surveyed T-Tauri disks in Orion and Chamaeleon
with ALMA and found masses down to Md & 1.5× 10−4
M (assuming a gas-to-dust ratio of 100). With our
sensitivity, we measure a 3σ upper limit mass of 10−5
M (0.01 MJupiter) with our assumed temperature and
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Figure A10. Same as Figure A1 except for IRS 37-A.
opacity. This upper limit is roughly an order of magni-
tude lower than the masses in Ansdell et al. (2017) and
Long et al. (2018). Even if we adopt a more conserva-
tive dust opacity of κd = 1.1 cm
2 g−1 from the relation
κd = (10 cm
2 g−1)(ν/1000THz)β and β = 1.5, which
is used in Kamazaki et al. (2019), our 3σ mass limit is
still considerably lower than the typical dust masses in
T-Tauri disks.
With an unclear host core and no detected envelope
or disk, Oph-emb-5 is unlikely to be an YSO. Based on
its infrared colours matching an extincted AGB star (Sa-
davoy et al. 2010), we consider this source to be a star
that is background to the Ophiuchus cloud.
A.11. Field c2d 894: Oph-emb-12
Field c2d 894 contains a single source, Oph-emb-12.
This source is an embedded YSO based on its infrared
spectral energy distribution shape (Evans et al. 2009;
McClure et al. 2010) and its proximity to a dense core
(Evans et al. 2009; Pattle et al. 2015), although the in-
frared source is offset from the core continuum peak (van
Kempen et al. 2009). It also has a compact bipolar neb-
ula at near-infrared wavelengths that is indicative of a
nearly edge-on disk (Brandner et al. 2000). It has a
marginal outflow detection (White et al. 2015), such that
we consider Oph-emb-12 to be a Class I object. Using
near- and mid-infrared spectroscopy, Pontoppidan et al.
(2005) conducted radiative transfer models for the disk.
They estimated a disk mass of 1.6 MJupiter, radius of 90
au, and inclination of 69◦.
Figure A14 shows the continuum image of Oph-emb-
12. It is undetected in polarization with a 3σ upper limit
of 1.8%. The disk in very compact and unresolved. We
estimate a disk mass of 0.7 MJupiter with a disk size of
. 9 au (1/4 the beam). Cieza et al. (2019) similarly did
not resolve Oph-emb-12 in their ALMA data at slightly
higher resolution.
A.12. Field c2d 899: IRS 43
Field c2d 899 contains IRS 43, a well studied proto-
binary system. Girart et al. (2000) first identified two
sources (VLA1 and VLA2) separated by 0.6′′ using the
VLA. We refer to these sources as IRS 43-A and IRS 43-
B, respectively. The IRS 43 system are embedded proto-
stars. Evans et al. (2009) measured an infrared spectral
index and bolometric temperature consistent with deeply
embedded Class I protostars, and the stars have a clear
outflow and envelope (e.g., McClure et al. 2010; White
et al. 2015; Pattle et al. 2015). Girart et al. (2004) pro-
posed that the system was in transition between Class
0 and Class I based on non-detections at near-infrared
wavelengths, but subsequent deep near-infrared observa-
tions detect this source (e.g., Parks et al. 2014). For this
study, we consider the IRS 43 system to be at the Class
I stage.
Figure A15 shows the continuum image of IRS 43. We
do not detect polarization toward either object in the
protobinary. The 3σ upper limits for the non-detections
are 0.6% for IRS 43-A and 4.8% for IRS 43-B. Thus, we
can only conclude that IRS 43-A has significantly low po-
larization. Both sources are compact in our observations.
We find deconvolved sizes of 16 au × 9 au (FWHM) for
IRS 43-A and 15 au × 13 au (FWHM) for IRS 43-B. The
inferred masses are 2.4 MJupiter and 0.3 MJupiter, respec-
tively. These masses agree with the measurements from
Brinch et al. (2016) for both sources from 1.1 mm ALMA
observations at slightly higher resolution.
The circumbinary emission around the stars has been
seen previously in molecular line emission (Brinch &
Jørgensen 2013) and in dust (Brinch et al. 2016).
Brinch & Jørgensen (2013) found near-Keplerian motions
through the circumbinary disk, and they modeled the
molecular line emission to find a mass of ∼ 0.004 M
(4.2 MJupiter) and an inclination of 70
◦ for the circumbi-
nary material. Brinch et al. (2016) later resolved the
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Figure A11. Dust continuum map for IRS 37-B (top left), IRS 37-C (top right), ALMA J162717.7 (bottom left), and IRS 39 (bottom
right), which were all undetected in polarization. Note that each source uses linear colour scaling.
compact disks around IRS 43-A and IRS 43-B and es-
timated their orbital parameters. They found that the
stellar orbits (inclined at 30◦) are misaligned with the
axis of the circumbinary material and proposed that the
system orientation either formed by turbulent fragmen-
tation or ejection of a third component.
The field contains a third source, GY 263, which is
located roughly 6.5′′ northwest from IRS 43 (see Figure
2). Figure A16 shows the continuum emission for this
object. It was not detected in polarization at a 3σ up-
per limit of 1.3%. GY 263 was also detected by Brinch
et al. (2016) in their ALMA data, but it has no Spitzer
counterpart in the full c2d source catalogue. The 2MASS
detection of GY 263 appears to be an extension of the
brighter IRS 43 (see also, Wilking et al. 2008; Beckford
et al. 2008), indicating that any Spitzer emission may
have been confused with the much brighter IRS 43 sys-
tem. For example, Barsony et al. (2005) observed GY
263 at 10.8 µm and 12.5 µm with Keck at ∼0.25′′ reso-
lution, and detected the source weakly at 10.8 µm only.
They subsequently classified GY 263 as a Class II ob-
ject. We also consider GY 263 to be a Class II object
and measure a deconvolved disk size of 54 au × 18 au
(FWHM) and mass of 2.6 MJupiter.
A.13. Field c2d 901: IRS 44
Field c2d 901 contains IRS 44. IRS 44 is a well-
established Class I object based on its infrared spectral
energy distribution (e.g., Evans et al. 2009; Gutermuth
et al. 2009), embeddedness in a dense core (e.g., van
Kempen et al. 2009; McClure et al. 2010; Pattle et al.
2015), and outflows (e.g., White et al. 2015). Neverthe-
less, IRS 44 does not appear to have any prior obser-
vations at high resolution with an interferometer in the
literature and no prior estimates of a disk mass or size.
Figure A17 shows our continuum image of IRS 44. The
central continuum source is marginally resolved by the
beam, but is not detected in polarization with a 3σ upper
limit of 0.7%. This upper limit indicates that IRS 44 is
significantly unpolarized. The continuum source is com-
pact, with a deconvolved size of 16 au × 9 au (FWHM)
and mass of 1.9 MJupiter.
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Figure A12. Dust continuum map for IRS 42. This source was
not detected in polarization.
Figure A13. Dust continuum map for Oph-emb-5. This source
was not detected in Stokes I continuum.
A.14. Field c2d 902: IRS 45
Field c2d 902 is centered on IRS 45. This source has
varied classifications in the past. Using Spitzer observa-
tions, Evans et al. (2009) and Gutermuth et al. (2009)
both found relatively flat infrared spectral indices for IRS
45 that indicate a Flat spectral source and McClure et al.
(2010) identified it as a disk object from infrared spec-
troscopy. Nevertheless, IRS 45 is located on the edge of
a dense core (e.g., van Kempen et al. 2009; Pattle et al.
2015) suggestive of an embedded source. Moreover, Ka-
mazaki et al. (2019) observed this source at 1.3 mm with
the ALMA main array and the ACA. They detected a
compact continuum source toward IRS 45 with red- and
blue-shifted CO outflow lobes. Thus, we consider IRS 45
Figure A14. Dust continuum map for Oph-emb-12. This source
was not detected in polarization.
Figure A15. Dust continuum map for IRS 43. This source was
not detected in polarization.
to be a Class I object in this study.
Figure A18 shows the continuum image of IRS 45. We
do not detect this object in dust polarization, with a 3σ
upper limit of 3.9%. The continuum is also very compact
and only marginally resolved with a deconvolved size of
14 au × 8 au (FWHM). The source mass is 0.4 MJupiter,
making IRS 45 one of the lower-mass disk candidates in
our sample.
This field also contains a second object, VSSG 18 B,
which is 11′′ northeast of IRS 45 (see Figures 2). This
source was also undetected in polarization, with a 3σ
upper limit of 13%. This source is listed in the full c2d
catalogue as a “red” spectrum object, but was not orig-
inally classified as a YSO in Evans et al. (2009). More
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Figure A16. Dust continuum map for GY 263. This source was
not detected in polarization.
Figure A17. Dust continuum map for IRS 44. This source was
not detected in polarization.
recently, VSSG 18 B was identified as a Flat spectral
source in the Sptizer YSO variable catalogue (SSTYSV
J162729.21-242716.9, Gu¨nther et al. 2014). Since VSSG
18 B does not have a clear outflow or 70 µm emission
(Kamazaki et al. 2019), it is more likely an evolved YSO.
Thus, we consider this object to be an Class II object.
This source has a deconvolved size of 17 au × 14 au
(FWHM) and a mass of 0.2 MJupiter.
A.15. Field c2d 904: IRS 47
Field c2d 904 is centered on IRS 47. This object has
an infrared spectral energy distribution consistent with
a Flat spectral source or Class II object (Evans et al.
2009; Gutermuth et al. 2009) and McClure et al. (2010)
identified its infrared SED as being dominated by a disk.
Figure A18. Dust continuum map for IRS 45. This source was
not detected in polarization.
Figure A19. Dust continuum map for VSSG 18 B. This source
was not detected in polarization.
Nevertheless, IRS 47 appears to be driving a large out-
flow (White et al. 2015; Kamazaki et al. 2019) and it is
well detected in mid- and far-infrared wavelengths, with
hints of a surrounding core structure from single-dish
data (Enoch et al. 2009; Kamazaki et al. 2019). Thus,
we consider this source to be a Class I object.
Figure A20 shows the continuum image of IRS 47. We
do not detect it in polarization with a 3σ upper limit of
1.1%. The source also appears to be highly inclined. The
deconvolved size is roughly 32.5 au × . 1.8 au (FWHM),
where the minor axis dimension depends heavily on the
elliptical region we use to fit the source with imfit. This
minor axis limit gives a disk inclination of & 86◦. The
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estimated disk mass is 1.6 MJupiter.
Figure A20. Dust continuum map for IRS 47. This source was
not detected in polarization.
We also detect a second compact source 10′′ northwest
of IRS 47. Figure A21 shows the continuum emission
for this source, ALMA J162729.75-242735.83 (hereafter,
ALMA J162729.7). It is not detected in polarization
with a 3σ upper limit of 21%. ALMA J162729.7 was
not previously detected in the literature and there is no
counterpart in the 2MASS, Spitzer, or WISE catalogues.
Moreover, this source was undetected by Kamazaki et al.
(2019) in both dust and gas with their ALMA data.
With a peak flux of 12.5σ, ALMA J162729.7 has a non-
negligible probability of being a galaxy (see Section 5.5).
Thus, we consider it to be an extragalactic object.
Figure 2 shows that there is substantial extended emis-
sion between IRS 47 and ALMA J162729.7. Kirk et al.
(2017) weakly detected similar extended emission at 3
mm in ∼ 2′′ resolution ALMA data, and Kamazaki et al.
(2019) strongly detected this structure in 1.3 mm con-
tinuum, 13CO (2-1), and C18O (2-1) in their ALMA ob-
servations that combine the 12 m main array and the
compact ACA. The arc structure curves further around
IRS 47 in the two line tracers, forming a near bubble and
the arc also coincides with 70 µm emission from Herschel
(Kamazaki et al. 2019). The arc is highly filtered out in
our observations, but its shape matches previous data.
A.16. Field c2d 954: Oph-emb-1
Field c2d 954 contains the deeply embedded Class 0
protostar, Oph-emb-1. This object has a low bolomet-
ric temperature (Evans et al. 2009) and a bipolar, well
collimated outflow (Stanke et al. 2006). Spitzer obser-
vations further show a prominent jet and an extensive
outflow cavity in scattered light and shocked H2 emission
that is viewed nearly face-on (Barsony et al. 2010; Hsieh
et al. 2017). Oph-emb-1 also has a dense, symmetric,
and mostly spheroidal envelope that shows a small gra-
dient normal to the outflow and also traces the outflow
Figure A21. Dust continuum map for ALMA J162729.7. This
source was not detected in polarization.
cavity (Tobin et al. 2010, 2011). Previous high resolution
observations of Oph-emb-1 (Chen et al. 2013; Yen et al.
2017; Hsieh et al. 2019b) revealed a compact, elongated
structure perpendicular to the outflow that is indicative
of a disk. Hsieh et al. (2019b) further show that this
structure has red- and blue-shifted C18O (2-1) emission
indicative of both infall and rotation. They suggest that
Oph-emb-1 is likely to form a brown dwarf.
Figure A22 shows the polarization results for Oph-
emb-1. The source is very compact with uniform po-
larization e-vectors. The polarization position angles are
≈ 85◦ over the entire compact structure. By comparison,
the disk position angle is -65◦, which means that the po-
larization angles are misaligned with both the major axis
and minor axis of the disk. Oph-emb-1 is compact with
a deconvolved size of 18.8 au × 6.7 au (FWHM). This
disk size is a factor of two smaller than the disk size from
lower resolution ALMA data in Yen et al. (2017), which
suggests that their two-Gaussian fit to a compact and
extended component may have overestimated the size of
the compact component. The inferred disk position an-
gle of -65◦ is nearly perpendicular to the outflow position
angle of 20-25◦ (Yen et al. 2017). We measure a disk mass
of 2 MJupiter.
Hsieh et al. (2017) proposed that Oph-emb-1 may be
a binary system based on its outflow showing an S-shape
morphology in scattered light and H2 emission. Binary
systems induce tidal interactions that can change the mo-
mentum vector of the outflowing source and cause the
outflow to precess. To test for a possible companion, we
re-imaged the c2d 954 field with robust=-2 and no UV
taper. The resulting map has a resolution of 0.2′′ × 0.11′′
(28 au × 15 au), but we find no evidence of substruc-
ture toward Oph-emb-1 in this higher resolution map.
Therefore, Oph-emb-1 appears to be a single protostar,
although we cannot rule out a companion object at < 20
au scales.
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Figure A22. Same as Figure A1 except for Oph-emb-1.
A.17. Field c2d 963: Oph-emb-18
Field c2d 963 is centered on Oph-emb-18. This object
located on the outskirts of L1688 and has not been well
studied in the literature. It is a low luminosity source
with a spectral energy distribution indicative of a Class
I protostar (e.g., Evans et al. 2009; Hsieh & Lai 2013).
Antoniucci et al. (2014), however, identified it as a can-
didate for eruptive EXor accretion based on observations
from Spitzer and WISE. EXor events are marked by sig-
nificant IR excess and redder emission when the source
is fading and are typically associated with T-Tauri stars
(Herbig 2008). van Kempen et al. (2009) also classified
this object as a later-stage YSO based on the lack of en-
velope emission in dust and gas. We consider it a Class
II object in this study.
Figure A23 shows the continuum image of Oph-emb-
18. This is a relatively fainter source that is not detected
in polarization. We estimate a 3σ upper limit for the dust
polarization of 4.1%. Despite its faint emission, Oph-
emb-18 is marginally resolved in our observations. We
find a deconvolved size of 20 au × 11.6 au with a mass
of 0.4 MJupiter.
A.18. Field c2d 989: IRS 63
Field c2d 989 contains a very bright, well known Class
I source, IRS 63. This source has a spectral energy dis-
tribution consistent with a Class I object (Evans et al.
2009), but its disk emission is significant (McClure et al.
2010). Nevertheless, IRS 63 has a bipolar outflow (Visser
et al. 2002; Dunham et al. 2014) and a surrounding dense
envelope (van Kempen et al. 2009), which are expected
for an embedded protostar. We consider it a Class I ob-
ject here. IRS 63 has been well studied in the past, in
particular for its large disk (Andrews & Williams 2007;
Lommen et al. 2008; Miotello et al. 2014). Previous stud-
ies using SMA observations estimated a disk size of 165
au and mass of 100 MJupiter from radiative transfer mod-
Figure A23. Dust continuum map for Oph-emb-18. This source
was not detected in polarization.
els (e.g., Brinch & Jørgensen 2013). These values indi-
cate that IRS 63 has a very high disk mass for a Class I
protostar (e.g., Jørgensen et al. 2009; Aso et al. 2015).
Figure A24 shows the polarization results of IRS 63.
We detect substantial polarization across the entire disk
and a clear change in the polarization structure as a
function of radius. Toward the disk center, the polar-
ization position angles are uniform at ≈ 60◦ that are
nearly parallel to the minor axis of the disk (58◦). At
larger radial extents, however, the polarization transi-
tions to an azimuthal morphology. This morphology is
also captured in the polarized intensity map which looks
peanut-shaped.
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IRS 63 is one of the best resolved sources in our sample.
We find a deconvolved size of 68 au × 46 au (FWHM)
and a mass of 50 MJupiter. More recently, Cox et al.
(2017) observed IRS 63 at ∼ 0.′′2 resolution with ALMA
in 0.87 mm dust continuum. They find a smaller disk
size of 73 au × 50 au (FWHM) and a smaller mass of
47 MJupiter from a Gaussian fit to the continuum data.
These values should only be considered a first order esti-
mate, however. First, IRS 63 appears to have a relatively
high-mass, dense disk. The dust emission toward such a
disk may be optically thick (see Appendix C). Indeed,
we find a higher disk mass at 1.3 mm than Cox et al. at
0.87 mm. Second, higher resolution observations indicate
that this disk has at least one bright ring (Segura-Cox
et al. in preparation). If confirmed, then IRS 63 may
not be well fit with a simple Gaussian profile and will
require more complex disk models to determine its size,
mass, and geometry.
A.19. Field c2d 990: Oph-emb-4
Field c2d 990 contains a single object, Oph-emb-4, lo-
cated roughly 3′ south of IRS 63 in L1709. The classifica-
tion of this source is uncertain. Its Spitzer infrared spec-
tral index has rising blue emission, suggesting that its a
Class II object (van der Marel et al. 2016), but it has the
bolometric temperature is indicative of a Class I object
(e.g., Evans et al. 2009). Moreover, this source is faint.
Dunham et al. (2008) identified Oph-emb-4 as a can-
didate low luminosity embedded object with no known
associated high density material. Riaz et al. (2018) clas-
sified it as a proto-brown dwarf based on a low (< 0.1
M) dust mass from SCUBA-2 observations and van
der Marel et al. (2016) identify it as a low-mass (< 5
MJupiter) transition disk with a small cavity. We con-
sider this source to be a Class II object.
Figure A25 shows the continuum image of Oph-emb-4.
The continuum emission is fairly bright and compact, but
it is not detected in polarization. We measure a 3σ upper
limit of 0.9%, indicating that the continuum source ap-
pears significantly unpolarized compared to typical disks.
The source also appears highly inclined. Its deconvolved
size is 36 au × 8 au (FWHM), resulting in an estimated
inclination of 77◦. We also find a mass is 2 MJupiter,
which is in agreement with the transition disk limit of
< 5 MJupiter from van der Marel et al. (2016).
A.20. Field c2d 991: Oph-emb-25
Field c2d 991 is centered on Oph-emb-25. It has an
infrared spectral index consistent with a Flat spectral
source and a bolometric temperature consistent with a
Class I object (Evans et al. 2009). Oph-emb-25 is another
proto-brown dwarf candidate (Riaz et al. 2018; Whelan
et al. 2018), although Dunham et al. (2008) do not list
this object as a candidate low luminosity source. Whelan
et al. (2018) observed a jet and outflow toward this source
with near-infrared spectroscopy. They find a relatively
narrow (40◦ opening angle) and high outflow mass, which
suggests that the outflow is young. Nevertheless, Pattle
et al. (2015) do not detect a core around the infrared
source. We therefore consider Oph-emb-25 to be a Flat
object.
Figure A26 shows the continuum image of Oph-emb-
25, which we do not detect in polarization. The 3σ upper
limit for the non-detection is 0.9%. We find a decon-
volved size of 10 au × 4.5 au (FWHM) with a position
angle of -38◦. Since the outflow position angle is 50◦, the
major axis is roughly perpendicular to the direction of
the outflow, indicating that the compact object is likely
tracing a disk. We estimate a disk mass of roughly 1.5
MJupiter.
A.21. Field c2d 996: Oph-emb-7
Field c2d 996 is centered on Oph-emb-7. Bontemps
et al. (2001) first identified this source with mid-infrared
observations and classified it as a Class II object. Spitzer
observations, however, yield an infrared spectral index
and bolometric temperature that is normally associated
with a Class I object (e.g., Evans et al. 2009; Dunham
et al. 2015). Nevertheless, Jørgensen et al. (2008) iden-
tified this source as a candidate edge on disk and single-
dish (sub)millimeter observations found no clear sur-
rounding core for this object. There is no corresponding
SCUBA or SCUBA-2 core (Jørgensen et al. 2008; Pattle
et al. 2015) at the position of this source, and the near-
est Bolocam source, Bolo 33, is roughly half an arcminute
south of the infrared detection (Young et al. 2006; Enoch
et al. 2009). Thus, we consider Oph-emb-7 to be a Class
II source.
Figure A27 shows the continuum image of Oph-emb-
7. It is the faintest of the main targets in our sample,
with a peak flux of only 12σpeak. We do not detect this
source in polarization with a 3σ upper limit of 21%. The
continuum emission is unresolved in our data, indicating
that the disk is compact (. 9 au; 1/4 the beam). We also
find a very low disk mass of 0.05 MJupiter. If we instead
calculate the mass in dust only, we find a dust mass of
roughly 0.2 M⊕. Thus, the Oph-emb-7 disk mass appears
to be a factor of 9 lower than the lowest-mass Class II
disk in Ansdell et al. (2017) for Orion and a factor of 2
lower than the lowest-mass disk in (Long et al. 2018) for
Chameleon.
A.22. Field c2d 998: Oph-emb-15
Field c2d 998 contains Oph-emb-15. This source has
an uncertain classification. It has been identified as a
Class II object Bontemps et al. (2001) and a Class I ob-
ject (e.g., Evans et al. 2009; Dunham et al. 2015) based
on its spectral energy distribution. We could find no
previous outflow observation in the literature for this
source, however. Oph-emb-15 appears to have a sur-
rounding core (Jørgensen et al. 2008; Pattle et al. 2015),
although the infrared source is located toward the edge
of a core (roughly 17′′ north of the core peak). This off-
set is still considered within the core boundary (Sadavoy
et al. 2010) and optical observations of Oph-emb-15 show
extended nebulosity indicative of a surrounding envelope
(Ducheˆne et al. 2004). Thus, we classify Oph-emb-15 as
a Class I source.
Figure A28 shows the continuum image of Oph-emb-
15. It is not detected in polarization with a 3σ upper
limit of 2.4% for the polarization fraction. The dust
emission is compact, however, with a deconvolved size
of 16 au × 6 au and a disk mass of 0.6 MJupiter.
A.23. Field c2d 1003: IRS 67
Field c2d 1003 is centered on the well known Class I
system, IRS 67. This object has an established dense
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Figure A24. Same as Figure A1 except for IRS 63.
Figure A25. Dust continuum map for Oph-emb-4. This source
was not detected in polarization.
core (Young et al. 2006; Pattle et al. 2015) and its in-
frared emission is consistent with a Class I object (Evans
et al. 2009; McClure et al. 2010). It also has signatures
of both infall and outflows (Bontemps et al. 1996; Mot-
tram et al. 2017) and strong nebulosity (Ducheˆne et al.
2004), which signify its youth. Due to its embeddedness,
IRS 67 was first identified as a binary system separated
by ∼ 0.6′′ through deep infrared observations (McClure
et al. 2010). McClure et al. (2010) called the components
A and B, where the brighter A source was a disk candi-
date and the fainter B source was a younger envelope
candidate. More recently, Artur de la Villarmois et al.
(2018) observed IRS 67 with ALMA in Band 7 at ∼ 0.4′′
resolution. They spatially resolved the A and B com-
Figure A26. Dust continuum map for Oph-emb-25. This source
was not detected in polarization.
ponents and also detected a circumbinary disk around
them in dust and gas emission. The circumbinary struc-
ture also shows a clear velocity gradient that is consistent
with Keplerian rotation and infall.
Figure A29 shows the polarization results for IRS 67.
IRS 67-B is much brighter than IRS 67-A at millimeter
wavelengths (see also, Artur de la Villarmois et al. 2018),
and subsequently, we detect uniform dust polarization
only toward IRS 67-B. The polarization is fairly uniform,
with typical position angles of 87◦ that are nearly aligned
with the long axis of the disk at 89◦. IRS 67-B also has
relatively low polarization fractions of . 1%. IRS 67-A
is not detect in dust polarization with a 3σ upper limit
of 1%. If IRS 67-A has similar polarization fractions as
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Figure A27. Dust continuum map for Oph-emb-7. This source
was not detected in polarization.
Figure A28. Dust continuum map for Oph-emb-15. This source
was not detected in polarization.
IRS 67-B, it would be below our sensitivity.
Both sources are compact. We find a deconvolved disk
size of 8 au × 7 au (FWHM) and mass of 1.4 MJupiter
for IRS 67-A and 15.8 au × 9.3 au (FWHM) and 8.6
MJupiter for IRS 67-B. We also detect the circumbinary
disk around the stars in Stokes I continuum, although
the extended dust emission is highly filtered out in our
observations.
A.24. Field c2d 1008: IRAS 16293
Field c2d 1008 contains the well-studied Class 0 pro-
tostellar system, IRAS 16293-2422 (hereafter, IRAS
16293). This is a deeply embedded protostellar system
in L1689N containing two main complexes, IRAS 16239A
to the south and IRAS 16293B to the north, separated
by roughly 5′′ (e.g., Chen et al. 2013; Jørgensen et al.
2016). Both sources have been the target of extensive
study for their hot core chemistry (e.g., Scho¨ier et al.
2002; Jørgensen et al. 2011; Pineda et al. 2012), includ-
ing a dedicated ALMA survey to sample this molecular
line emission of this source over 40 GHz in Band 7 (e.g.,
Jørgensen et al. 2016; Manigand et al. 2019, and refer-
ences therein). The ALMA observations have also re-
vealed an extensive dust Bridge between the stars (e.g.,
Pineda et al. 2012; Jacobsen et al. 2018; van der Wiel
et al. 2019).
Figure A30 shows the polarization results for IRAS
16293. These data were previously discussed in Paper
II. Briefly, this map shows the most extensive and com-
plex polarization structure of the entire sample. We see
distinct and resolved polarization morphologies for IRAS
16293A and IRAS 16293B and polarization in the dust
Bridge between them, as well as the dust streamers from
each of the stars. We also resolve a depolarization zone
between the northern streamer from IRAS 16239B and
the Bridge between the stars (Paper II). This depolar-
ization region also aligns well with the bluer dust emis-
sion from the three-colour image of IRAS 16293 from
Jørgensen et al. (2016).
We note that Figure A30 shows more polarization e-
vectors than Paper II due to the updated polarization
debiasing method (see Section 2.4) that reliably corrects
polarization e-vectors with 3 < PI/σPI < 4. Most of the
new e-vectors are in the lower emission regions and do
not alter the conclusions in Paper II. We also see evidence
of very high polarization fractions > 10% toward the
periphery of IRAS 16293B and the Bridge.
The dust emission and dust polarization seen toward
IRAS 16293A and IRAS 16293B are likely tracing mate-
rial from the inner envelope around and between the two
stars rather than disks. As such, we use a Gaussian fit to
only the brightest emission (> 100 mJy beam−1) to esti-
mate the general morphology of each source. Since this
emission primarily traces envelopes rather than disks, we
do not attempt to estimate their disk masses.
A.25. Field VLA1623a: VLA 1623 West
Field VLA1623a is centered on VLA 1623W (see Fig-
ure 2), one of the protostellar objects embedded within
the VLA 1623.4-2418 core, the canonical Class 0 object
(Andre´ et al. 1993). Bontemps & Andre (1997) first iden-
tified this component in VLA radio emission at 3.6 cm
and 6 cm observations and initially called it clump B.
The source name changed to VLA 1623 West (or VLA
1623W) in Chen et al. (2013) following the naming con-
tention of VLA 1623A and VLA 1623B for the eastern
sources (Looney et al. 2000). VLA 1623A/B are also in
the field, but will be discussed in Section A.26.
The classification of VLA 1623W has been under de-
bate (Maury et al. 2012; Murillo et al. 2018). The
spectral energy distribution of the VLA 1623 core indi-
cates that VLA 1623A/B protostars are deeply embed-
ded (e.g., Evans et al. 2009; Gutermuth et al. 2009) with
a prominent bipolar outflow (e.g., White et al. 2015), but
the spectral energy distribution of VLA 1623W peaks at
shorter wavelengths. VLA 1623W also has a lower en-
velope mass compared to VLA 1623A/B (Murillo & Lai
2013; Murillo et al. 2018), and it has no obvious outflow
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Figure A29. Same as Figure A1 except for IRS 67. Source IRS 67-A located south of IRS 67-B is not detected in polarized intensity.
Figure A30. Same as Figure A1 except for IRAS 16293A and IRAS 16293B. We also added the criterion that PF /σPF > 3 to remove
spurious e-vectors at the edges and off source. The dotted blue line segments indicate polarization fractions > 10%. IRAS 16293A is
located to the south and IRAS 16293B is located to the north (see Figure 2).
(Santangelo et al. 2015; Nisini et al. 2015). Neverthe-
less, we consider this source to be a Class 0 object in
this study. First, VLA 1623W appears to be co-moving
with VLA 1623A/B (Harris et al. 2018) and associated
with the same dense core (Pattle et al. 2015). Second,
VLA 1623W still has a substantial envelope, although
it may be more tenuous than the envelope around VLA
1623A/B. Murillo et al. (2018) note that their ALMA
data recover scales out to ∼ 400 au, whereas the enve-
lope can extend to 1000 au scales. For example, Kirk
et al. (2017) measured a more comparable envelope mass
of 0.1 M for VLA 1623W with 3 mm ALMA data that
recover emission out to 3000 au.
Figure A31 shows the polarization results for VLA
1623W. We see uniform polarization structure, with po-
sition angles of roughly −81◦ across the disk that are
aligned with the disk minor axis of -80◦. The disk also
appears to be highly elongated. We measure a disk size
of 99 au × 14.7 au (FWHM) and mass of 10.6 MJupiter.
The 1.3 mm polarization in Figure A31 is in good
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Figure A31. Same as Figure A1 except for VLA 1623W.
agreement with 872 µm polarization from Harris et al.
(2018). The average 872 µm polarization position angle
was -80◦ across VLA 1623W. This agreement is signif-
icant to not only help identify the polarization mecha-
nism (see Section 4), but to also trust the 872 µm po-
larization observations of VLA 1623W, which was not
located at the phase center of the primary beam. Harris
et al. (2018) centered their map between VLA 1623W
and VLA 1623A/B, such that each system was roughly
5′′ from the phase center. This positioning placed VLA
1623W outside the inner third of the primary beam
FWHM (R ≈ 3′′ at 345 GHz). Although off-axis polar-
ization is considered less reliable, Harris et al. (2018) ar-
gued that the agreement between their off-axis polariza-
tion data at 872 µm and the on-axis 1.3 mm polarization
data presented here indicate that their measurements are
robust. In Appendix B, we test the polarization measure-
ments for adjacent fields and indeed find that the dust
polarization is largely consistent for separations . 10′′.
A.26. Field VLA1623b: VLA 1623 East
Field VLA1623b is centered on VLA 1623A/B. Both
sources are well studied in the literature and are sepa-
rated by ≈ 1′′ (Chen et al. 2013). We consider these
sources to be Class 0 objects (Andre´ et al. 1993) as both
sources are deeply embedded in a dense core (e.g., Pattle
et al. 2015), they have cold spectral energy distributions
(e.g., Evans et al. 2009; Gutermuth et al. 2009; Murillo
et al. 2018), and at least one of them is driving a pow-
erful, bipolar outflow (e.g., Murillo & Lai 2013; White
et al. 2015). VLA 1623A further has a large (R ≈ 180
au), massive disk that shows evidence of Keplerian rota-
tion (Murillo et al. 2013; Hsieh et al. 2019a). Harris et al.
(2018) used very high resolution data to show that the
VLA 1623A source is itself a tight binary system (VLA
1623Aa and VLA 1623Ab) separated by ∼ 14 au such
that the large disk around VLA 1623A is a circumbi-
nary disk. For simplicity, we use VLA 1623A to refer to
the unresolved circumstellar material from VLA 1623Aa
and VLA 1623Ab. The field also contains VLA 1623W,
which we discuss in Section A.25.
Figure A32 shows extensive polarization across VLA
1623A/B. These observations were first discussed in Pa-
per I and are consistent with that study. In brief, the
polarization structure of VLA 1623A and VLA 1623B
show two distinct morphologies. The dust polarization
toward the compact, circumstellar material around VLA
1623A and VLA 1623B are both uniform with angles of
≈ −50◦ that are roughly parallel to the minor axes of
the dust emission. In the extended dust emission around
VLA 1623A (e.g., toward the larger Keplerian circumbi-
nary disk), the dust polarization is azimuthal. These
dual polarization morphologies are also seen at 872 µm
by Harris et al. (2018). The deconvolved sizes are 50.5
au × 22 au for the circumstellar material of VLA 1623A
(e.g., excluding the extended dust emission) and 44 au
× 14.4 au for the circumstellar disk of VLA 1623B (see
also, Paper I). Their estimated mass are 22 MJupiter and
20.6 MJupiter, respectively.
Figure A.26 also shows several additional polarization
e-vectors than Paper I. Since we use a more robust de-
biasing method (see Section 2.4), we are able to in-
clude these polarization e-vectors that have lower S/N
(3 < PI/σPI < 4). In particular, there are three e-
vectors in the upper-left quadrant that were previously
below the selection criteria in Paper I. These new e-
vectors are consistent with the overall azimuthal polar-
ization structure seen in the circumbinary disk.
This field also contains a fourth object, VLA 1623NE,
19′′ northeast of VLA 1623A/B (see Figure 2). Figure
A33 shows the continuum emission for this object. It
is not detected in polarization with a 3σ upper limit of
3.9%. The continuum source is well resolved, with a de-
convolved size of 81 au × 37 au and a mass of 8 MJupiter.
Kirk et al. (2017) found a much higher mass of 0.071
M (74 MJupiter) in lower resolution 3 mm observations,
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Figure A32. Same as Figure A1 except for VLA 1623A and VLA 1623B. We used a stricter selection criteria of I/σI > 50 to exclude
the noise-like features within the extended emission of the larger VLA 1623-A circumbinary disk but are unlikely to be real because they
are smaller than the beam.
Figure A33. Dust continuum map for VLA 1623NE. This source
was not detected in polarization.
whereas Kawabe et al. (2018) found ∼ 25 MJupiter us-
ing ALMA and VLA observations between 1 mm and
6 cm. As these observations have lower resolution, the
dust masses may be affected by envelope emission.
VLA 1623NE has unclear classification. It is also
called VLA 1623N1 (Chen & Hirano 2018) and Source
X (Kawabe et al. 2018). It has been previously seen at
(sub)millimeter wavelengths (e.g., Kirk et al. 2017; Chen
& Hirano 2018) and in X-rays with Chandra (Imanishi
et al. 2003; Gagne´ et al. 2004), but it is not seen in
dense gas tracers (Chen & Hirano 2018) or in the in-
frared (Evans et al. 2009; Gutermuth et al. 2009). There
is no corresponding object in the entire c2d catalogue
at this position, although there is extended mid-infrared
emission at its position that could be obscuring a fainter
point source. Kawabe et al. (2018) detected high veloc-
ity blue-shifted and red-shifted CO (2-1) emission near
VLA 1623NE, but the emission overlap northeast of the
source and there is no corresponding lobe southwest. If
this emission is from an outflow, Kawabe et al. (2018)
suggest the outflow axis must be along the plane of the
sky and that VLA 1623NE is either a proto-brown dwarf
or a very young low-mass protostar. Since VLA 1623NE
coincides with X-ray emission but lacks a clear outflow
and dense gas, we consider it to be a Class II YSO. Based
on our estimated disk mass of 8 MJupiter, we suggest that
VLA 1623NE is a Class II source that will form a low-
mass star rather than a proto-brown dwarf.
A.27. Field IRAS16288: ISO Oph 210
Field IRAS 16288 contains the infrared source ISO Oph
210. This source has not been well studied in the liter-
ature. It was first identified in mid-infrared emission
with ISO by Bontemps et al. (2001) and subsequently
detected in near-infrared emission with 2MASS (Cutri
et al. 2003). This source was also detected in Spitzer
observations of Ophiuchus, but was classified as a star
(“star+dust(IR1)”) in Evans et al. (2009). Hsieh & Lai
(2013) revisited the Spitzer observations and found that
this source is consistent with an embedded YSO and
Ducheˆne et al. (2004) consider this object a Flat spec-
trum source based on its infrared spectral index. But
ISO Oph 210 has no corresponding dense core (e.g., Pat-
tle et al. 2015) and unknown outflow properties. Given
its lack of complimentary information, we classify this
object as a Flat spectrum source (Ducheˆne et al. 2004).
Figure A34 shows the continuum source for ISO Oph
210. It is undetected in polarization with a 3σ upper
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limit of 2%, which is marginally significant given the typ-
ical polarization fraction for young stars. The continuum
source is also compact. We find a deconvolved source size
of 26 au × 14.4 au, with a mass of 0.8 MJupiter.
Figure A34. Dust continuum map for ISO Oph 210. This source
was not detected in polarization.
Ducheˆne et al. (2004) also detect a second near-
infrared object 7.8′′ south of ISO Oph 210. We do
not see any object at this position. Instead, we find
a new detection roughly 15′′ east of the YSO. Fig-
ure A35 shows the continuum image of this source,
which we call ALMA J163203.31-245614.43 (hereafter,
ALMA J163203.3). This object is much fainter than ISO
Oph 210, and it is undetected in polarization with a 3σ
upper limit of 33%. We could find no corresponding emis-
sion within 5′′ of this source position at any other wave-
length in a literature search with SIMBAD (Wenger et al.
2000) and Vizier (Ochsenbein et al. 2000). Based on its
faint detection (peak Stokes I S/N ≈ 7) and its lack of
complementary data, we classify ALMA J163203.3 as a
background galaxy (see Section 5.5).
B. OFF AXIS POLARIZATION
In this appendix, we test the on-axis and off-axis polar-
ization observations for IRAS 16293 and VLA 1623. The
ALMA Observatory limits reliable polarization measure-
ments to the inner third of the primary beam FWHM,
where polarization measurements at larger radial extents
are considered less reliable. At 1.3 mm, this area corre-
sponds to the inner 4′′ of the primary beam. Neverthe-
less, we have overlapping fields that are centered on dif-
ferent sources separated by roughly 5′′ (IRAS 16293) and
10′′ (VLA 1623), which puts the phase centers of the two
fields outside of the nominal inner third of the primary
beam FWHM. We use the independent polarization mea-
surements for both of these cases to determine whether
or not we can use the off-axis polarization measurements
or mosaic the overlapping fields.
Figure B1 compares the polarization observations for
Field c2d 1008a (green line segments, centered on IRAS
Figure A35. Dust continuum map for ALMA J163203.3. This
source was not detected in polarization.
16293A) and Field c2d 1008b (purple line segments, cen-
tered on IRAS 16293B). We use the same criteria listed in
Section 3.2, with the additional criterion that PF /σPF >
3 to avoid spurious e-vectors at the edges of the map
(see also, Figure A30). The polarization structure from
the two maps have excellent agreement, even though the
maps are on axis for one source and slightly off axis (e.g.,
positioned outside the inner third of the primary beam
FWHM) for the other source.
To quantify the agreement, we compare both fields di-
rectly. Figure B2 shows the continuum, polarized inten-
sity, polarization position angle, and polarization frac-
tion from both fields, with c2d 1008a as “Field 1” and
c2d 1008b as “Field 2”. We only show the data points
for the 959 e-vectors given in Figure B1 which have ro-
bust detections in both fields. The dashed lines in each
panel show a perfect one-to-one relation. We find excel-
lent agreement between the two fields, even though the
two fields contain both compact and extended emission
and both fields contain emission that extends beyond the
inner third of the primary beam FWHM (see Figure 2).
We also have two overlapping fields of VLA 1623,
with one field centered on VLA 1623A and VLA 1623B,
and the other field centered on VLA 1623W. The VLA
1623A/B and VLA 1623W field centers are separated
by a larger distance (∼ 10′′) than the two IRAS 16293
fields (5′′) and extend over an area beyond the inner half
of the primary beam (see Figure 2). Thus, the off axis
uncertainties may be more significant for this region.
Figure B3 compares the polarization observations from
the two fields containing VLA 1623. In both cases, the
green line segments show the on-axis polarization results
and the purple line segments show the off-axis results
using the same criteria listed in Section 3.2, with the
additional criterion that I/σI > 50 to avoid spurious
e-vectors at the edges of the disk in VLA 1623A (see
also, Figure A32). As with IRAS 16293, we find good
agreement between the on-axis and off-axis polarization
structure, suggesting that the off-axis data are reliable.
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Figure B1. Polarization for IRAS 16293A and IRAS 16293B from
the individual fields. Field c2d 1008b (centered on IRAS 16293A)
is shown by green line segments and Field c2d 1008b (centered on
IRAS 16293B) is shown in magenta line segments. We also added
the criterion that PF /σPF > 3 to remove spurious e-vectors at the
edges and off source. IRAS 16293A is located to the south and
IRAS 16293B is located to the north (see Figure 2).
Figure B4 compares the polarization measurements for
VLA 1623A/B in the on-axis (Field VLA1623b) data and
the off-axis (Field VLA1623a) data. This figure contains
data points for only the 93 e-vectors given in Figure B3
which have robust detections in both fields. In general,
we find broad agreement between the on-axis and off-
axis measurements, with near one-to-one relations for the
Stokes I continuum and polarization position angle. The
polarization intensity, however, appears to be slightly un-
derestimated in the off-axis map over the on-axis map at
the high intensity end and overestimated at the low inten-
sity end. The dotted line in Figure B4b shows a best-fit
linear least squares relation with a slope of 0.90 ± 0.01.
As a consequence, the polarization fractions can vary by
roughly a factor of two between the on-axis and off-axis
measurements.
Figure B5 shows the corresponding results for VLA
1623W. VLA 1623W is considerably fainter and smaller
than VLA 1623A/B resulting in only 10 matching e-
vectors between the on-axis and off-axis maps. With
such small numbers, it is difficult to draw any conclusions
about the reliability of the off-axis observations. We use
the on-axis and off-axis results for VLA 1623A/B instead
and include this figure for completeness.
The IRAS 16293 fields are separated by 5′′, whereas
the VLA 1623 fields are separated by 10′′. Thus, we can
expect the off-axis VLA 1623A/B sources to be more
susceptible to uncertainties in the polarization calibra-
tion than the off-axis IRAS 16293 observations. The
strong agreement in Figure B2 suggests that our polar-
ization measurements should be considered robust within
roughly the inner half of the primary beam FWHM (e.g.,
a radius of 6′′). While the polarization measurements are
less reliable with larger separations, we note that a 10′′
offset from the phase center still produces good polariza-
tion position angles. These results indicate that we can
reliably mosaic the two IRAS 16293 fields, but we do not
attempt to mosaic the two VLA 1623 fields.
C. DISK OPTICAL DEPTH
In this appendix, we calculate the spectral index, α,
for the disks with multiple continuum wavelengths in the
literature as a proxy for the disk optical depth. We use
optical depth to help determine why some disks are un-
detected in polarization and to also investigate the polar-
ization mechanism for those disks that are detected. For
simplicity, we infer optical depths from the dust opacity
index, β, assuming β → 0 as the dust emission becomes
optically thick (e.g., the dust emits like a perfect black
body). We note that β is only a proxy for optical depth.
It can also vary from changes in dust grain size, shape,
composition, and structure (e.g., Ossenkopf & Henning
1994; Ormel et al. 2011). In addition, a temperature
gradient in the disk can broaden the spectral energy dis-
tribution and flatten β (e.g., Shetty et al. 2009). Thus, a
true characterization of dust opacity for these disks will
require detailed modeling of their intensity profiles and
geometry over multiple wavelengths, which is beyond the
scope of the current paper.
We measure β by combining our 233 GHz fluxes with
complementary fluxes in the literature. We only con-
sider emission > 10 GHz from our 233 GHz observations
to ensure there is a large enough lever arm to constrain
the spectral index and β. We also require comparable
resolution . 0.5′′ to our ALMA observations so that the
data cover spatial scales similar to our 233 GHz data.
This last criterion is necessary as most of our disks are
embedded in dense envelopes. Lower-resolution observa-
tions may therefore be biased toward the envelope emis-
sion and have elevated fluxes.
Table C1 lists the disks where we found complemen-
tary, high-resolution observations in the literature. Col-
umn 2 lists our 233 GHz flux density from Table 3.
Columns 3 and 4 give the frequency and total flux density
from the literature (reference in the fifth column). The
fluxes are similarly obtained from Gaussian fits. If the
reference did not quote an error for their source fluxes,
we assume 10%. Columns 6 and 7 give our estimated
values of α and β from combining our 233 GHz fluxes
with the literature values and Column 7 gives our assess-
ment of the optical depth. We measure β using the flux
density spectral index, Sν ∼ να, where α = β + 2 (e.g.,
Beckwith & Sargent 1991) for dust emission along the
Rayleigh-Jeans tail of the SED.
We note, however, that if the dust emission is cold
(e.g., . 10 K), even the 1.3 mm emission may not be
on the Rayleigh-Jeans tail, such that spectral index will
appear flatter. We require an estimate of the dust tem-
perature to properly correct the SED, however. Since
we do not have accurate dust temperatures, we use the
spectral index slope alone to give a first order estimate of
β. The spectral index may also appear steeper or flatter
(or negative) from dust scattering (Liu 2019; Zhu et al.
2019), which can increase or decrease α depending on
the albedo of the dust grains, the grain size distribution,
and whether or not the dust emission is optically thick.
Since several disks show polarization signatures consis-
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Figure B2. Comparison between Fields c2d 1008a (Field 1) and c2d 1008b (Field 2) in (a) Stokes I continuum, (b) debiased polarized
intensity, (c) polarization position angle, and (d) polarization fraction. The data points only correspond to e-vectors that are measured in
both fields in Figure B1. Dashed lines show a one-to-one relation.
Table C1
Dust Opacity Estimations
Source S1.3 νa Sνa Refa α β Comments
(mJy) (GHz) (mJy)
GSS 30 IRS 1 13.4 ± 0.13 349.6 31.1 ± 0.2 1 2.12 ± 0.04 0.12 ± 0.04 Appears optically thick
GSS 30 IRS 3 158.5 ± 1.7 349.6 379.3 ± 3.6 1 2.19 ± 0.05 0.19 ± 0.05 Appears optically thick
Oph-emb-9 45.0 ± 0.2 343.8 105.0 ± 0.5 2 2.18 ± 0.03 0.18 ± 0.03 Appears optically thick
GY 91 88.8 ± 6.5 348.6 258 ± 26 3 2.64 ± 0.44 0.64 ± 0.44 Not optically thick
Oph-emb-6 53.1 ± 0.3 348.6 128.3 ± 0.6 2 2.27 ± 0.03 0.27 ± 0.03 Appears optically thick
WL 17 51.26 ± 0.83 349.6 130 ± 0.5 1 2.29 ± 0.05 0.29 ± 0.05 Appears optically thick
Elias 29 17.2 ± 0.2 348.6 41.2 ± 0.6 2 2.25 ± 0.06 0.25 ± 0.06 Appears optically thick
IRS 43-A 15.08 ± 0.33 252 18.5 ± 1.9 4 2.61 ± 1.5 0.61 ± 1.5 Not optically thick
· · · 15.08 ± 0.33 348.6 41.6 ± 1.9 2 2.61 ± 0.17 0.61 ± 0.17 Not optically thick
IRS 43-B 1.92 ± 0.07 348.6 7.5 ± 1.0 2 3.5 ± 0.4 1.5 ± 0.4 Not optically thick
IRS 44 12.0 ± 0.3 348.6 38.6 ± 1.2 2 3.00 ± 0.15 1.00 ± 0.15 Not optically thick
Oph-emb-1 12.5 ± 0.13 217.24 10.1 ± 0.4 5 3.04 ± 0.72 1.04 ± 0.72 Not optically thick
· · · 12.5 ± 0.13 344.6 36.7 ± 1.9 5 2.75 ± 0.16 0.75 ± 0.16 Not optically thick
· · · 12.5 ± 0.13 348.6 39.8 ± 0.7 2 2.98 ± 0.06 0.98 ± 0.06 Not optically thick
IRS 63 312.2 ± 8.8 343.48 776 ± 35 6 2.35 ± 0.19 0.35 ± 0.19 Appears optically thick
Oph-emb-15 3.7 ± 0.1 343.8 11.3 ± 0.3 2 2.87 ± 0.13 0.87 ± 0.13 Not optically thick
IRS 67-A 8.59 ± 0.2 343.8 35.7 ± 7 2 3.66 ± 0.64 1.66 ± 0.64 Not optically thick
IRS 67-B 53.4 ± 0.4 343.8 155.5 ± 4 2 2.74 ± 0.09 0.74 ± 0.09 Not optically thick
VLA 1623W 65.5 ± 1.2 343.8 159 ± 5 7 2.28 ± 0.13 0.28 ± 0.13 Appears optically thick
VLA 1623B 123.7 ± 5 343.8 324 ± 5 7 2.48 ± 0.08 0.48 ± 0.08 Appears optically thick
VLA 1623A 141.8 ± 5.9 343.8 368 ± 26 7 2.45 ± 0.29 0.45 ± 0.29 Appears optically thick
a Frequency and flux for select disks in the literature. We assume 10% errors on flux if the errors are not reported. We exclude IRS 43-B
because it was too faint to robustly measure its source flux relative to its larger circumbinary disk. References correspond to (1) P. Sheehan
private communication, (2) Artur de la Villarmois et al. 2019, (3) van der Marel et al. 2019, (4) Brinch et al. 2016, (5) Hsieh et al. 2019b,
(6) Cox et al. 2017, (7) Harris et al. 2018
48
Figure B3. Dust polarization maps for VLA 1623A/B (left) and VLA 1623W (right). In both panels, the on-axis e-vectors are shown
in green and the off-axis e-vectors are shown in purple. We show only those e-vectors that match the same criteria as in Figures A32 and
A31, respectively.
Figure B4. Comparison between VLA 1623A/B from the on-axis field and off-axis field in (a) Stokes I continuum, (b) debiased polarized
intensity, (c) polarization position angle, and (d) polarization fraction. The data points only correspond to e-vectors that are measured in
both fields in Figure B3. Dashed lines show a one-to-one relation. The dotted line in (b) shows a linear least squares fit to the observations,
with a slope of 0.90± 0.01.
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Figure B5. Same as Figure B4 but for VLA 1623W.
tent with dust self-scattering, we expect the dust scatter-
ing to also affect the SED slope. Nevertheless, correct-
ing for dust scattering in the SED would require exten-
sive multi-wavelength observations and radiative transfer
modeling, which is beyond the scope of this paper and
beyond the current datasets available for most sources.
We therefore assume the effects of dust scattering on α
(and β) are negligible in our analysis.
Eighteen disks have complementary high-resolution
data in the literature for at least one alternative wave-
length. Oph-emb-1 and IRS 43-A have several comple-
mentary datasets in the literature, and we report the
values of α and β for each of them separately. Fifthteen
of the sampled disks (83%) have β < 1 (α < 3) and
ten (56%) have β < 0.5 (α < 2.5). IRS 43-B, IRS 44,
Oph-emb-1, and IRS 67-A are the only two disks with
β & 1. Oph-emb-1, however, has a slightly shallower
value of β ∼ 0.75 using 344.6 GHz data from Hsieh et al.
(2019b). For simplicity, we report the median slope of
0.98 ± 0.06 for Oph-emb-1 in Section 4.1. Finally, we
note that IRAS 16293B has a known spectral index of
α ≈ 2 down to radio frequencies (e.g., Chandler et al.
2005), which indicate that β ≈ 0 for this object. We do
not include this measurement in Table C1 as we do not
have a reliable measurement of the 1.3 mm flux density
for its disk.
The disks with uniform polarization aligned with their
minor axes have β < 0.5 (α < 2.5). If β < 0.5 indicates
these disks are optically thick, then the polarization mor-
phology should be dominated by self-scattering processes
over grain alignment. Polarization from grain alignment
with a magnetic field is suppressed relative to dust self-
scattering if the emission is optically thick (Yang et al.
2017). When dust grains are aligned in a specific direc-
tion (e.g., with a magnetic field), their thermal emission
is expected to be preferentially aligned with the long axis
and will appear polarized (e.g., Hildebrand et al. 2000;
Cho & Lazarian 2007). If the emission originates from
an isothermal slab (a rough approximation of a disk mid-
plane), we can expect to detect emission both parallel to
and perpendicular to the dust grain long axis as the op-
tical depth increases. These two contributions will then
become equal in the optically thick (τ  1) case and
their resulting emission will appear unpolarized (Yang
et al. 2017). As a result, one will not detect any polar-
ization from grain alignment in the optically thick limit,
but polarization from self-scattering can be detected.
To first order, we consider disks with β < 0.5 to be
optically thick sources, whereas the sources with β > 0.5
do not appear to be optically thick. Sources with β > 0.5
also do not show clear signatures of dust self-scattering,
even if they are highly inclined. In particular, Oph-emb-
1 and IRS 67-B are inconsistent with dust self-scattering
for inclined, optically thick disks (see Section 4). We note
that there are several optically thick disks (β < 0.5) that
is not detected in polarization (e.g., WL 17). We discuss
these source in more detail in Section 5.4.
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